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CHAPTER I

INTRODUCTION

Tropical cyclones are among the most destructive natural phenomena impacting
the coastal areas of the United States. Yet, our understanding of the processes involved
in their development and subsequent intensification remains incomplete. A better
understanding of the processes involved in tropical cyclogenesis and ensuing
intensification is important for better predicting storm development. Improved forecasts
of storm development can help lead to more accurate intensity and track forecasts,
subsequently resulting in better protection of lives and property.

1.1 Goals and Hypothesis
Several studies have shown that more widespread and/or vigorous convection in
tropical easterly waves may be important for tropical cyclogenesis (e.g., Chronis et al.
2007; Hopsch et al. 2010; Leppert and Petersen 2010; hereafter LP10). In particular,
through dynamic and/or thermodynamic feedbacks between the smaller convective scale
and synoptic-scale waves, enhanced convection may help to create conditions within the
waves that are more conducive to tropical cyclogenesis (e.g., above normal low-level
vorticity, above normal mid- to upper-level moisture, enhanced convergence at low
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levels, and enhanced divergence at upper levels; e.g., Gray 1968; Hopsch et al. 2010;
Agudelo et al. 2011). Thus, this study addresses four questions related to the possible
relation between easterly wave convection and tropical cyclogenesis: 1.) Which
observations/characteristics of convection and larger-scale waves provide the best
distinction between developing waves (DWs) and non-developing waves (NDWs)? 2.)
What are the evolution of several convective characteristics (e.g., coverage and intensity)
and the corresponding evolution of the thermodynamics and dynamics of larger-scale
easterly waves in the days leading up to and including tropical cyclogenesis? 3.) Do the
characteristics/observations that provide the best distinction between DWs and NDWs
and/or the evolution of these variables change for waves that develop cyclones in
different regions? 4.) What is the nature of the interaction between the smaller
convective scale and synoptic-scale easterly waves, specifically focusing on the impact of
smaller-scale latent heating/convection on the thermodynamics/dynamics of easterly
waves?
Related to these questions four hypotheses are tested: 1.) Certain indicators of
convective coverage (e.g., coverage by infrared [IR] brightness temperatures ≤ 240 K),
convective intensity (e.g., lightning flash rate), and/or large-scale variables (e.g., 850-hPa
vorticity, 500-hPa specific humidity, and 200-hPa divergence) are significantly greater
for DWs compared to NDWs not only over the regions in which DWs spawn tropical
cyclones but also farther away from their genesis locations. 2.) Convective coverage and
intensity increase as genesis is approached for DWs, and these increases correspond with
the development of the low-level vortex and warm core. 3.) Such a trend in coverage
and/or intensity can help distinguish DWs from NDWs. 4.) Smaller-scale convection
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affects the larger-scale wave structure/circulation by increasing mid- to upper-level
moisture, low-level convergence, upper-level divergence, upward vertical motion, and
mid- to low-level vorticity, all conditions favorable for tropical cyclogenesis. Evidence is
presented in this study to support at least certain parts of the first, second, and fourth
hypotheses, while no evidence is found in support of the third hypothesis.

1.2 Background
Tropical easterly waves, including African easterly waves, are important for
tropical cyclogenesis not only over the Atlantic (e.g., Landsea 1993), but also over the
East Pacific (e.g., Avila 1991; Avila and Pasch 1992; Molinari and Vollaro 2000).
Tropical cyclogenesis requires a finite amplitude low-level disturbance (e.g., Kurihara
and Tuleya 1981; Rotunno and Emanuel 1987; Emanuel 1989), and easterly waves often
serve as that low-level disturbance. Thus, study of easterly waves is important for a
better understanding of tropical cyclogenesis over the Atlantic and East Pacific.
African easterly waves form in the tropical easterlies over east-central Africa as a
result of finite amplitude initial perturbations often provided by convection (e.g., Carlson
1969a; Hsieh and Cook 2005; Hall et al. 2006; Mekonnen et al. 2006; Hsieh and Cook
2008; Thorncroft et al. 2008; Leroux and Hall 2009; Leroux et al. 2010; Mekonnen and
Rossow 2011) and are subsequently maintained by baroclinic and barotropic instabilities
associated with the African easterly jet (e.g., Norquist et al. 1977; Hsieh and Cook 2008)
as well as convection (Berry and Thorncroft 2012) as they move westward. Waves that
occur over the East Pacific are a result of waves that propagate over the Atlantic and
Central America from Africa (e.g., Burpee 1972; Avila and Pasch 1992; Molinari et al.
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2000), form in situ as a result of local instability associated with the intertropical
convergence zone (e.g., Toma and Webster 2010), or develop in situ due to the
interaction of the background flow with topography over Central America (e.g., Mozer
and Zehnder 1996). Tropical easterly waves are associated with a phase speed of about
8.0 m s-1, a period of three–seven days, and a wavelength of about 2500 km (e.g., Carlson
1969b; Burpee 1975; Rennick 1976; Norquist et al. 1977; Reed et al. 1977; Albignat and
Reed 1980; Lau and Lau 1990; Thorncroft and Hodges 2001; Serra and Houze 2002; Gu
et al. 2004; Berry and Thorncroft 2005). The waves are most intense during the boreal
summer months (~July–October; e.g., Carlson 1969b; Gu et al. 2004), achieve their
greatest amplitude at around 700 hPa, and are often associated with convection. Thus,
the waves are often identified by fluctuations in the 700 hPa meridional wind (e.g.,
Albignat and Reed 1980; Berry and Thorncroft 2005; LP10) or by tracking mesoscale
convective complexes via satellite or radar data (e.g., Carlson 1969a; Frank 1970).
Easterly wave convection and how it relates to the various wave phases may have
implications not only for further wave development but also for tropical cyclogenesis.
Petersen and Boccippio (2004) used the 700-hPa meridional winds from the National
Centers for Environmental Prediction-National Center for Atmospheric Research (NCEPNCAR) reanalysis dataset to separate African easterly waves over West Africa into
northerly, trough, southerly, and ridge phases. Then they used data from the Tropical
Rainfall Measurement Mission (TRMM) Precipitation Radar (PR), Lightning Imaging
Sensor (LIS), and TRMM Microwave Imager (TMI) to analyze the convective vertical
structure and lightning for each wave phase. Results from Petersen and Boccippio (2004)
suggest that the greatest convective coverage and vertical development (i.e., intensity)
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occur ahead of the wave trough in the northerly phase similar to several earlier studies
(e.g., Burpee 1974; Thompson et al. 1979; Duvel 1990; Machado et al. 1993) for waves
over West Africa and/or the East Atlantic. Similarly, Molinari et al. (2000) found a
preference for convection ahead of the wave trough over the East Pacific for the African
easterly wave that developed East Pacific Hurricane Hernan in 1996. Petersen et al.
(2003) examined several more easterly wave cases over the East Pacific using data
obtained during the East Pacific Investigation of Climate Processes in the Coupled
Ocean–Atmosphere System field campaign during September and October 2001. They
found that convective rainfall was preferred in the northerly phase, while stratiform
rainfall occurred preferentially behind the wave trough in the southerly phase.
Similar to Petersen and Boccippio (2004), LP10 used NCEP-NCAR 700-hPa
meridional winds to divide easterly waves into northerly, trough, southerly, and ridge
phases over Africa and the Atlantic (50°W–30°E). Then LP10 separated DWs from
NDWs and examined the convective characteristics and phasing for both wave types
using satellite IR brightness temperatures and lightning data. They found that
widespread, intense convection tended to occur within and ahead of the DW trough,
while convection preferentially occurred behind the NDW trough in the southerly phase.
Leppert and Petersen (2010) proposed a positive feedback process could occur between
convection and the larger-scale wave when convection occurs within and ahead of the
wave trough, perhaps helping to amplify the wave and increase the likelihood of wave
development into a tropical cyclone. Parcels of air moving westward through the trough
axis lose cyclonic vorticity, which is associated with increased divergence due to the
conservation of potential vorticity. This increased divergence near the 700-hPa level can

5

increase upward motion at lower levels (Mass 1979) and enhance convection. Thus, the
dynamics associated with air moving through a trough axis can create larger-scale
conditions favorable for convection ahead (i.e., west) of the trough axis. This enhanced
convection can subsequently lead to greater low-level convergence, greater upward
motion, and greater upper-level divergence. In addition, enhanced convection ahead of
the wave trough can help increase vorticity via the divergence ζ  f   V  term in the
vorticity equation as well as via diabatic generation of potential vorticity as a result of
diabatic heating. This increased vorticity can then feedback to the larger-scale wave,
helping to amplify it and/or aid its westward propagation. The amplification of the wave
can subsequently lead to a larger decrease in vorticity and increase in divergence as air
exits the wave trough axis to the west, intensifying the entire process. Therefore, a
preference for convection ahead of and/or within the wave trough, as often observed for
easterly waves, may help to strengthen a wave, perhaps increasing the probability of
development into a tropical cyclone.
A numerical modeling study of an easterly wave described in Berry and
Thorncroft (2012) also suggests a close interaction between the smaller convective scale
and larger-scale easterly waves. In one experiment, convective parameterizations were
turned off halfway through the simulation. After the parameterizations were turned off,
the simulated easterly wave continued to propagate westward, but the net potential
vorticity associated with the wave became smaller with time. This result suggests that
the interaction between convection and easterly waves is important for maintaining the
waves as they propagate westward. Another conclusion from Berry and Thorncroft
(2012) was that convection and larger-scale waves are dynamically coupled. Both scales
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mutually interact so that one scale cannot be considered simply a response to the other
scale.
Ross et al. (2012) used a combination of observations and numerical simulations
to examine the relation between convection, easterly waves, and tropical cyclogenesis. In
particular, they found that prior to tropical cyclogenesis, an intense convective burst
associated with large net diabatic heating values helped to intensify the African easterly
jet. The enhanced jet was associated with enhanced barotropic energy conversion, which
was associated with cyclogenesis. Thus, this study provides an example of how the
interaction between the convective scale and larger scale can impact tropical
cyclogenesis.
One outstanding question is why some easterly waves develop tropical cyclones
while others do not. Many factors that play a role in determining whether a wave
develops involve the environment through which an easterly wave propagates. For
example, a wave may be more likely to develop a tropical cyclone if it propagates
through a region of weak vertical wind shear, SSTs >27°C, below-average sea-level
pressure, above-normal low-level relative vorticity, enhanced low-level convergence,
greater upper-level divergence and/or above-average precipitable water (all conditions
favorable for tropical cyclogenesis [e.g., Gray 1968; McBride and Zehr 1981; Landsea et
al. 1998; Bracken and Bosart 2000; Agudelo et al. 2011]).
Hopsch et al. (2010) suggest that the structure of easterly waves near the West
African coast may be another important influence for determining the likelihood of
cyclone development. They used a wave-following Lagrangian framework for their
analysis by creating composites of DWs and NDWs as a function of day relative to the
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day each wave trough moved over the West African coast. Hopsch et al. (2010) found
that DWs were associated with higher values of relative humidity as well as stronger midand low-level circulations compared to NDWs. In addition, it was found that DWs tend
to undergo a transformation from a cold-core structure over the African continent to a
warm-core structure at the coast and over the ocean, consistent with cyclogenesis, while
NDWs showed no such transformation. Results of Hopsch et al. (2010) also indicated
that differences in the structure of DWs and NDWs at the coast could influence the
likelihood of development out to 60°W over the Atlantic Ocean.
Differences between easterly waves in terms of the nature of easterly wave
convection may be another determinant for why some waves develop while others do not.
In addition to the aforementioned impact of convection on wave/jet amplification, more
intense and/or widespread convection associated with DWs could help to produce other
conditions within the wave favorable for tropical cyclogenesis via thermodynamic and
dynamic feedbacks between the smaller convective scale and larger synoptic scale.
For example, convection could act to moisten mid and upper levels as a result of
transport in convective updrafts. Strong, evaporatively-cooled downdrafts that can
transport lower values of equivalent potential temperature (θe) towards the surface may
be inhibited by this mid- to upper-level moistening, thus aiding tropical cyclogenesis
(Rotunno and Emanuel 1987).
By inhibiting strong downdrafts and reducing the negative effects of entrainment,
the increase of mid- and upper-level moisture could also help to intensify subsequent
updrafts and convection (e.g., Nolan 2007). This convection could also aid the
intensification of a midlevel vortex (present, for example, in the trough phase of an

8

easterly wave) via the stretching term in the vorticity equation, tilting of horizontal
vorticity into the vertical, and/or vertical advection (e.g., Trier et al. 1997; Arnault and
Roux 2010). The increase in intensity and inertial stability of the midlevel vortex and
resulting concentration of moisture and latent heating enhances conditions favorable for
convection, which can aid the development of a smaller-scale, low-level vortex and
tropical cyclogenesis (Nolan 2007). Note that the results of Nolan (2007) are based on
idealized numerical simulations, but Raymond et al. (2011) found a similar process for
cyclogenesis (i.e., the initial development of a midlevel vortex is favorable for enhancing
convection which subsequently aids the development of a low-level vortex) based on
observations. Hence, another way that convection can aid cyclogenesis is by aiding the
development and/or intensification of mid- to low-level vorticity.
The process of tropical cyclogenesis described by Nolan (2007) and Raymond et
al. (2011) involves the independent development and/or intensification of the midlevel
and low-level circulations (i.e., one circulation doesn’t directly evolve from the other). In
contrast, other studies have suggested a path to cyclogenesis that involves the initial
development of a midlevel circulation that subsequently develops downward, leading to
the development of a low-level vortex (“top-down” approach [e.g., Bister and Emanuel
1997; Ritchie and Holland 1997; Simpson et al. 1997; Rogers and Fritsch 2001]). For
example, Bister and Emanuel (1997) describe how successive convective bursts can
transform a midlevel cold-core vortex into a warm-core surface cyclone. Initial
convection contributes to the development of a midlevel vortex in the stratiform region of
a mesoscale convective system where evaporation results in cooler and moister
conditions. Convective and mesoscale downdrafts subsequently transport air with a low
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θe towards the surface and eventually help transport the cool, moist midlevel vortex
toward the surface. Winds increase as the vortex approaches the surface, allowing
increased fluxes from the surface, and an increase in θe values. The resulting instability
allows for new convection to occur, and the moist air near the surface prevents the
formation of strong evaporatively-cooled downdrafts. Finally, diabatic heating from this
new convection helps to form a warm-core vortex near the surface (i.e., tropical
cyclogenesis).
In contrast to the top-down genesis mechanism, the “bottom-up” process involves
an initial increase in low-level vorticity which develops upward (e.g., Tory et al. 2006a,b;
Kieu and Zhang 2009; Fang and Zhang 2010). Convective “hot towers” (e.g., Simpson et
al. 1998; Hendricks et al. 2004; Montgomery et al. 2006; Bell and Montgomery 2010)
have been hypothesized to play a role in such bottom-up development. In particular, the
numerical modeling studies of Hendricks et al. (2004) and Montgomery et al. (2006)
suggest the importance of hot towers possessing strong positive vertical vorticity (i.e.,
vortical hot towers; VHTs) for tropical cyclogenesis via the bottom-up process.
Montgomery et al. (2006) suggest that a population of many growing, merging, and
decaying VHTs acts as a quasi-steady diabatic heating rate which feeds back to the largescale circulation. In order for the circulation to remain in thermal wind balance a
secondary radial circulation develops with inflow near the surface. This near-surface
inflow encourages vortex merger, the concentration of low-level vorticity, and the
intensification of the cyclone (Hendricks et al. 2004; Montgomery et al. 2006). Several
observation-based studies have also provided evidence for the importance of VHTs and
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the bottom-up mechanism for tropical cyclogenesis (e.g., Reasor et al. 2005; Sippel et al.
2006; Houze et al. 2009).
The "marsupial paradigm" developed by Dunkerton et al. (2009) describes how
the bottom-up process can operate within a Lagrangian recirculation region within the
trough phase of an easterly wave. In particular, when viewed through a Lagrangian
framework moving with the wave, a quasi-closed recirculation region exists where the
background wind speed equals that of the wave phase speed (i.e., critical layer). The
intersection of the critical layer with the wave trough axis provides a preferred location
for tropical cyclogenesis within the recirculation region (Dunkerton et al. 2009; Wang et
al. 2009). Dunkerton et al. (2009) point out several characteristics of the recirculation
region that are favorable for cyclogenesis. For example, the recirculation region is
characterized by cyclonic low-level vorticity and also serves to confine mesoscale vortex
aggregation. In addition, the recirculation region acts to contain and accumulate moisture
entrained into it and moisture lofted to higher levels by convection occurring within the
recirculation region. A convective-type heating profile (e.g., Houze 1989) dominates in
the recirculation region with less of a stratiform component than typical elsewhere
(Dunkerton et al. 2009). A convective heating profile favors low-level mass convergence
and increasing low-level vorticity, both important for tropical cyclogenesis (e.g.,
Raymond and Sessions 2007) and consistent with the bottom-up mechanism. Finally, the
recirculation region may help to maintain or amplify the parent easterly wave, allowing
sufficient time for the developing vortex in the recirculation region to intensify to a selfsustaining tropical depression. Several additional studies have provided evidence for the
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importance of the marsupial paradigm for tropical cyclogenesis (e.g., Montgomery et al.
2010a,b; Wang et al. 2010a,b, 2012a,b).
Because enhanced convection could potentially enhance the development of an
easterly wave circulation and structure more favorable for tropical cyclogenesis (e.g.,
increased larger-scale moisture and/or vorticity), it is not surprising that previous studies
have found DWs to be associated with more intense and/or widespread convection
compared to NDWs. For example, Agudelo et al. (2011) used outgoing longwave
radiation (OLR) data to show that DWs are associated with lower OLR (i.e., more
widespread and/or colder cloud tops presumably associated with more widespread and/or
intense convection). Hopsch et al. (2010) used IR brightness temperatures to determine
that DWs are, in fact, associated with more widespread/intense convection. Chronis et al.
(2007) used lightning frequency to infer the intensity of convection and found that
tropical cyclogenesis in the East Atlantic may be related to enhanced electrical activity
(i.e., more intense convection) over that region. In this case, lightning represents a proxy
for deep convective updrafts and robust mixed-phase microphysical processes, previously
demonstrated to be a prerequisite for the development of strong in-cloud electric fields
and associated lightning (e.g., Takahashi 1978; Rutledge et al. 1992; Williams et al.
1992; Zipser 1994; Saunders and Peck 1998; Deierling and Petersen 2008). In addition,
Price et al. (2007) showed that enhanced lightning over East Africa may also be
associated with cyclogenesis over the East Atlantic. Leary and Ritchie (2009) examined
cloud clusters instead of waves over the East Pacific and found that developing cloud
clusters were associated with significantly more lightning than non-developing clusters.
Leppert and Petersen (2010) examined IR brightness temperatures as well as lightning
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associated with African easterly waves over several longitude bands stretching from East
Africa (30°E) to the central Atlantic (50°W). They found that over each longitude band
DWs were associated with a greater coverage of more intense, electrically-active
convection compared to NDWs.
This research expands on previous studies by not only examining lightning and/or
IR brightness temperatures for clues about convection related to tropical cyclogenesis but
also examining microwave brightness temperatures from the TMI and radar reflectivity
data from the TRMM PR. Specifically, these data will be used in this dissertation
research to address the aforementioned questions/hypotheses involving the possible
relation between convection in tropical easterly waves and tropical cyclogenesis.
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CHAPTER II

DATA AND METHODOLOGY

Data used for this research came from several sources, including the NCEPNCAR reanalysis dataset, the National Aeronautics and Space Administration (NASA)
global-merged IR brightness temperature dataset, and several instruments on board the
TRMM satellite, all described in more detail below.

2.1 Data
Data from the NCEP-NCAR reanalysis dataset (Kalnay et al. 1996) was used to
identify tropical easterly wave phases as well as create composites of synoptic-scale
variables. The reanalysis data has a spatial resolution of 2.5° and a temporal resolution of
six hours (averaged to one day for this study). All reanalysis variables used for the study
were taken directly from the dataset, except for divergence, vorticity, and θe. Vorticity
and divergence were calculated with fourth-order finite difference methods using
reanalysis meridional and zonal wind components. Equivalent potential temperature was
calculated using,
  3.376

 0.00254   r 1  0.81  10 3 r
θ e  θ  exp 

  TL



14

 ,


(2.1)

where θ is the potential temperature (K), r the specific humidity (g kg-1), and TL is the
temperature (K) a parcel of air would attain if lifted adiabatically to its condensation level
(Bolton 1980). For equation (2.1), θ was calculated with reanalysis temperatures (T) in
units of Kelvin using,
 1000.0 
θ  T

 P 

0.286

,

(2.2)
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where P (U) is pressure in hPa (relative humidity in percent).
Satellite IR brightness temperature data used for this study was taken from the
NASA global-merged IR brightness temperature dataset (Liu et al. 2009). This dataset
has global coverage (60°N–60°S) with four-km resolution. The measurements for this
dataset are derived from several different geostationary satellites including Geostationary
Operational Environmental Satellites, Meteosat satellites, and the Geosynchronous
Meteorological Satellite.
The TRMM satellite (350-km circular orbit at launch increased to 400 km in
August 2001 with a 35° inclination angle) was launched in November 1997 as a joint
venture between NASA of the United States and the National Space Development
Agency of Japan (Kummerow et al. 1998). The goal of the mission was to measure
rainfall and the exchange of energy between tropical and subtropical regions. Three
instruments carried on TRMM used for this study are the LIS, PR, and TMI.
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The LIS instrument consists of an optical imager capable of recording brief
radiance events associated with lightning (Christian et al. 1992; Boccippio et al. 2002).
The instantaneous field of view for LIS is approximately 600 X 600 km2 with a
resolution of 3.0 (6.0) km at nadir (limb). This field of view and resolution provides for
~80 s view time over any given location. The LIS is capable of detecting cloud-toground as well as intracloud lightning during day and night with an estimated detection
efficiency of 70%–90% (Christian 1999; Boccippio et al. 2000, 2002). No correction for
detection efficiency was utilized for this study.
The TMI instrument is a passive microwave radiometer which measures radiances
that are the result of the integrated effects of the absorption/emission and scattering of
electromagnetic radiation through a precipitating cloud (Kummerow et al. 1998). The
TMI is a conically-scanning, nine-channel instrument with a swath width of 878 km
(~760 km at launch). Four TMI channels were used in this study, including the 37.0-GHz
and 85.5-GHz horizontally- and vertically-polarized channels. The measured radiances
in these channels are especially sensitive to scattering by ice (e.g., Spencer et al. 1989;
Smith et al. 1992; Cecil and Zipser 1999; Toracinta et al. 2002). Significant scattering
and an accompanying reduction in the measured brightness temperatures at 85.5 GHz can
be accomplished by relatively small ice particles (~10-4 m in diameter), but significant
reductions in brightness temperatures at 37.0 GHz require the presence of larger
(millimeter-sized) particles (Toracinta et al. 2002). Therefore, a significant reduction in
37.0-GHz brightness temperatures likely indicates a stronger updraft and more intense
convection required for the formation and maintenance of large ice particles in the upper
portions of clouds. The 85.5-GHz channel has also been used in several earlier studies to
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characterize the intensity and spatial extent of convection (e.g., Mohr and Zipser 1996;
Cecil and Zipser 1999; Mohr et al. 1999).
The PR is a phased array radar system operating at 13.8 GHz (Kummerow et al.
1998; Kozu et al. 2001). The radar has a beam width of 0.71° with a scan angle of ±17°
providing a swath width of 247 km (215 km prior to orbit boost). It has a nadir
horizontal resolution of ~5.0 km (~4.3 km prior to orbit boost) and a vertical resolution of
0.25 km with a minimum detectable signal of ~18 dBZ (Yang et al. 2006). The 2A25 PR
V6.0 product is utilized for this study which includes attenuation-corrected reflectivity
data (Iguchi et al. 2000; Meneghini et al. 2000; Iguchi et al. 2009). Another piece of
information included in the 2A25 files utilized for this study is the partitioning of rays of
PR reflectivity into convective and stratiform type precipitation based on the
classification technique of Awaka et al. (1998, 2009). This technique uses the horizontal
and vertical structure of radar reflectivity to separate convective from stratiform
precipitation.

2.2 Methodology
Tropical easterly waves and their associated convection were analyzed over a
domain stretching from 130°W–20°E and from 5°N–20°N, outlined in Figure 2.1. To
examine the evolution of convection and cold cloudiness associated with the waves as
they propagated through our analysis domain, the full analysis domain was divided into
five longitude bands, also shown in Figure 2.1. These bands stretched from 130°W–
95°W over the East Pacific (EPC), from 95°W–70°W over the Western Caribbean and far
eastern Pacific region (CAR; this band includes the Central American land mass as well
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Figure 2.1 Map showing the location of the full analysis domain (130°W–20°E) and
smaller longitude bands utilized for this study. EPC represents the East Pacific band,
CAR the Caribbean and Central America band, WAT the West Atlantic band, EAT the
East Atlantic band, and AFR the Africa longitude band.

as the northern part of South America), from 70°W–40°W over the West Atlantic
(WAT), from 40°W–15°W over the East Atlantic (EAT; the eastern boundary of this
band lies approximately along the West African coast), and from 15°W–20°E over Africa
(AFR). The waves were analyzed for the months of June–November for the ten-year
span of 2001–2010.
Following the methodology of LP10, 700-hPa meridional wind data from the
NCEP–NCAR reanalysis were used to track easterly waves and separate them into phases
(ridge, northerly, trough, and southerly phases) over the full (130°W–20°E) analysis
domain. Specifically, the various wave phases were identified by first calculating a daily
average meridional wind value between 5°N–20°N. An example of these averaged
meridional wind values valid for 17 September 2008 is shown in Figure 2.2b. Next, an
average meridional wind value for each longitude was calculated using all the dailyaveraged meridional wind values of a given year at each longitude (Figure 2.2a shows
these values for 2008). Then these mean values were used to calculate meridional wind
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Figure 2.2 Illustration of the methodology involved in identifying the various wave
phases using 700-hPa meridional wind data where a) shows the means and standard
deviations as a function of longitude valid for 2008, b) shows averaged v-wind values
and v-wind anomalies (calculated relative to the mean values shown in part a) valid for
17 September 2008 as a function of longitude, and c) shows the filtered v-wind anomalies
normalized by the standard deviations shown in part a and the various identified wave
phases valid for 17 September 2008. Note that not all wave phases could be classified for
this day.
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anomalies as a function of day and longitude (Figure 2.2b shows an example of these
anomalies valid for 17 September 2008). Then a three–seven-day bandpass filter was
applied to the anomalies in order to isolate the period of the easterly waves. In particular,
a weighted, seven-day, running mean (weights of 1, 1, 4, 8, 4, 1, 1) was applied to the
anomaly values and subtracted from the original anomaly values in order to smooth out
low frequency meridional wind fluctuations. Then a weighted, three-day, running mean
(weights of 1, 2, 1) was applied to smooth out high frequency variability. After
application of the bandpass filter, the standard deviation was calculated as a function of
longitude using the filtered anomalies (the standard deviations for 2008 are shown in
Figure 2.2a). These standard deviations were then used to normalize the filtered
meridional wind anomalies, and an example of the normalized values valid for
17 September 2008 is provided in Figure 2.2c. To identify each wave phase based on
these normalized, filtered anomalies, the ±0.75 standard deviation threshold was used.
Specifically, normalized anomalies greater (less) than 0.75 (-0.75) were classified as the
southerly (northerly) phase. For a given day, values between northerly (southerly) and
southerly (northerly) phases were identified as trough (ridge) phases.
As can be seen in Figure 2.2c, not all data points could be classified into one of
four wave phases using meridional wind data alone. Hence, 700-hPa relative vorticity
was calculated using reanalysis zonal and meridional wind components and processed
exactly as the meridional wind data (i.e., meridional and daily averages of vorticity were
calculated, anomalies were calculated and bandpass filtered, the resulting values were
normalized by the standard deviation, and the ±0.75 threshold was used to identify wave
phases). For relative vorticity, normalized anomalies greater (less) than 0.75 (-0.75) were
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classified as the trough (ridge) phase. For a given day, data points between trough (ridge)
and ridge (trough) phases were identified as southerly (northerly) phases. Figure 2.3
shows an example of wave phase classification for 17 September 2008 similar to
Figure 2.2, except using relative vorticity information.
After wave phases were identified using meridional wind and vorticity separately,
the classification from each was combined, an example of which is shown in Figure 2.4
valid for 17 September 2008. Figure 2.4 shows that the wave phase classification using
meridional wind dominated the final wave phase classification, but the classification
using vorticity was used to identify wave phases unable to be identified using meridional
wind data alone. Where there was disagreement between the two methods, the
meridional wind wave phase classification was used. While the wave phase classification
scheme used here was made as objective as possible, some subjectivity remained.
However, the close agreement between easterly wave vertical structure found in this
research (Chapter III) and that in previous studies suggests that this method of identifying
easterly wave phases is robust. For examples of what easterly waves look like in
unfiltered 700-hPa wind fields relative to the wave phases identified with filtered data,
see Figure 6.1.
After the various wave phases were identified, the wave troughs were divided into
DWs (i.e., waves that developed tropical cyclones that attained at least tropical storm
strength) and NDWs (i.e., waves that never developed a tropical cyclone) via information
provided by National Hurricane Center (NHC) storm reports (National Hurricane Center
2011). In addition, DWs were divided based on the longitude band over which they
developed a tropical depression. Once the trough phases were partitioned into various
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Figure 2.3 As in Figure 2.2, except using 700-hPa relative vorticity information.
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Figure 2.4 Depiction of the wave phase classification valid for 17 September 2008 as a
function of longitude using (top) 700-hPa meridional wind data only, (middle) 700-hPa
relative vorticity data only, and (bottom) the final wave phase classification after
combining information from the meridional wind and relative vorticity classifications.

categories, any of the other three wave phases found within three data points (7.5°) east
or west of each wave trough were considered to be part of that wave and used in the
composites.
Information from National Hurricane Center (2011) was also used to determine
the day on which a tropical depression was first identified (i.e., day zero; D0) for each
DW. Day zero for NDWs was defined as the day on which these waves achieved their
maximum 850-hPa vorticity within the trough phase. Tropical cyclogenesis requires a
finite amplitude low-level disturbance (e.g., Kurihara and Tuleya 1981; Rotunno and
Emanuel 1987; Emanuel 1989), and a strong, coherent NDW is more likely to provide
this low-level disturbance than a NDW with a weak and/or short-lived low-level
circulation. Therefore, the strongest, most coherent NDWs are presumably most relevant
for comparison to DWs. Hence, only those NDWs that could be tracked for at least seven
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days (NDWs were tracked manually using Hovmoller diagrams) and achieved a
maximum 850-hPa vorticity of at least 8.0 X 10-6 s-1 (equal to the mean 850-hPa vorticity
of all NDW troughs plus one standard deviation) were included in the analysis. Note that
the mean 850-hPa vorticity of DWs on D0 (5.1 X 10-6 s-1) is less than the NDW
threshold. It is possible that at least some of the NDWs included here were associated
with especially strong equatorward advection of dry air which may have inhibited their
development of tropical cyclones. In other words, some of the NDWs included here may
have been too strong to develop cyclones (Hopsch et al. 2010). After the identification of
D0, each wave trough was traced up to five days prior to D0 (D-5) until one day after D0
(D+1).
As an example of the wave tracking procedure relative to D0, Figure 2.5a shows a
time-longitude plot of the normalized, filtered meridional wind anomalies for 2010, and
Figure 2.5b shows the locations of DW and NDW troughs valid for D-5 through D+1 in
2010 identified using both meridional wind and vorticity information. The "X" symbols
in both panels of Figure 2.5 mark the location of initial tropical depression identification
(i.e., D0) by National Hurricane Center (2011) for each DW. A comparison between
Figures 2.5a and 2.5b indicates that waves are generally easier to track using meridional
wind and vorticity information as opposed to using meridional wind only. However,
some waves are still difficult to track even with the combined information (e.g., wave
which spawned East Pacific Hurricane Darby on 23 June at 92.9°W).
To examine the coverage by cold cloudiness associated with easterly waves, the
fractional coverage by IR brightness temperatures ≤ 240 K and ≤ 210 K over 2.5° by 2.5°
boxes were calculated using data from the NASA global-merged dataset for each day. In
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Figure 2.5 Example of wave tracking procedure valid for June–November 2010. a) A
time-longitude plot of three–seven-day bandpass filtered 700-hPa meridional wind
anomalies normalized by the standard deviation valid at each longitude. The solid black
(dashed gray) line represents the 0.75 (-0.75) contour. b) Times and locations of
developing wave (DW) troughs (black squares) and non-developing wave troughs (gray
triangles) valid for D-5 through D+1. The black “X” symbols in each panel indicate the
day and longitude at which a tropical depression was first identified by the National
Hurricane Center (i.e., D0 for DWs).
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addition, the convective/stratiform classification contained in the TRMM PR 2A25 V6.0
product was used to calculate the percentage of PR pixels in each 2.5° box classified as
convective (i.e., percentage convective coverage).
Data from the TRMM LIS and PR instruments were used for clues related to the
intensity of easterly wave convection. In particular, 0.5° LIS flash counts and view time
data were used to compute the lightning flash density over 0.5° grid boxes which were
subsequently averaged over 2.5° by 2.5° boxes for each day. Precipitation radar
reflectivity values classified as convective were used to calculate daily mean convective
reflectivity profiles for each 2.5° box with one-km height resolution from 1.0−18.0 km
above mean sea level. Only convective rays of data with a rain bottom below two km
and not classified as warm rain were used in the construction of these mean profiles to
isolate the type of convection presumably most relevant for tropical cyclogenesis.
At the 37.0 and 85.5 GHz frequencies measured by TMI, variations in surface
emissivity and temperature can lead to large variations in brightness temperature
unrelated to the overlying atmosphere. To remove these variations, we combined
temperatures measured from both 85.5-GHz channels into 85.5-GHz polarization
corrected temperatures (PCT85) defined by Spencer et al. (1989) as
PCT85  1.8V85  0.8H 85 , where V85 (H85) is the 85.5-GHz brightness temperature
measured at vertical (horizontal) polarization. Similarly, the two 37.0-GHz channels
were combined to form PCT37 as defined by Toracinta et al. (2002) and Cecil et al.
(2002) as PCT37  2.2V37  1.2H 37 , where V37 (H37) is the 37.0-GHz brightness
temperature measured at vertical (horizontal) polarization. Cecil and Zipser (2002) found
that vigorous convection was generally present when PCT85 were below ~200 K and
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PCT37 were below ~263 K. Hence, only TMI pixels with PCT85 ≤ 200 K and
PCT37 ≤ 260 K were used to calculate a daily average PCT85 and PCT37 over each 2.5°
box.
Fractional IR coverage values, convective coverage values, lightning flash rates,
mean convective reflectivity profiles, and mean PCTs (i.e., convective variables) were
subsequently averaged from 5°N–20°N to match the wave phase classification. The
convective variables were then composited as a function of wave phase for the different
wave types over the various longitude bands (Figure 2.1; i.e., Eulerian composites). Note
that some DW composites were not created over every longitude band because after
initial tropical cyclone development, DWs were no longer tracked. For example,
composites were created for waves which spawn tropical cyclones over the East Atlantic
(i.e., East Atlantic developing waves) over only the Africa and East Atlantic longitude
bands. East Atlantic developing waves were tracked up until they developed cyclones
over the East Atlantic but not farther west. In addition, the various convective variables
were composited as a function of wave phase and day relative to D0 (i.e., Lagrangian
composites).
The convective variables analyzed here basically relate to either the areal
coverage of convection (coverage below IR brightness temperature thresholds,
percentage convective coverage) or the vigor of convection that does occur (lightning
flash rate, mean convective reflectivity, mean PCTs for pixels below certain thresholds).
The IR thresholds (210 K and 240 K) go beyond characterizing the convective area as
cold anvils expand. Flash rate is somewhat related to both the coverage and intensity of
convection, but one or more elements of intense convection can dominate this parameter
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much more than a large number of weak convective cells would. The PCT thresholds
used here restrict the analysis to only pixels related to strong, deep convection. Hence,
our mean PCT values are indicative of how strong that convection is when it does occur.
(Note that taking the mean PCT without using thresholds [not shown] would be more
related to the rain area and would be quite different than the mean PCTs with thresholds.)
Similarly, our mean reflectivity values consider only the pixels that are already classified
as convective, so they relate to how strong that convection is.
To examine characteristics of the larger scale, composites of divergence, omega,
specific humidity, θe, and vorticity were created as a function of wave phase for different
wave types over the different longitude bands shown in Figure 2.1 and as a function of
day relative to D0 using data extracted from the NCEP-NCAR reanalysis dataset. Note
that the resolution/accuracy of the reanalysis is limited. Hence, it is only used to identify
general characteristics of easterly waves.
This research utilizes composites of easterly wave observations over fixed
regions (i.e., Eulerian framework) and composites in a wave-following, Lagrangian
sense. The Eulerian methodology and its associated results could potentially be used to
help distinguish DWs from NDWs for forecasting applications. In contrast, the
Lagrangian methodology used requires a priori information describing when and where a
wave developed a tropical cyclone, limiting its direct application to the forecasting
process. But, the Lagrangian framework can provide information on the evolution of
waves in the days leading up to cyclogenesis (i.e., a greater understanding of the genesis
process) that cannot be obtained from the Eulerian approach. Thus, both the Eulerian and
Lagrangian approaches are important and complementary to one another.
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In order to test whether values from DWs and NDWs are significantly different,
the analysis of variance statistical technique was used. This technique provides an
estimate of the error variance associated with some group of data and an estimate of the
systematic variance between groups of data. If the systematic variance is greater than the
error variance, then the f-statistic is used to test whether the systematic effect is
significantly greater than the random error effect. A significantly greater systematic
effect suggests a high probability that differences between groups of data are, indeed, real
and not just due to chance. Note for this study that a difference is considered to be
significant if the f-statistic indicates significance at or above the 99% level. However, we
do discuss some differences that do not satisfy the 99% level if they contribute to a
consistent understanding along with the other results. Additional information on the
analysis of variance technique can be found in Panofsky and Brier (1958).
To better understand the relation between the smaller convective scale and largerscale easterly waves, several numerical simulations of the African easterly wave that
spawned Hurricane Helene in 2006 were conducted. Helene developed from an intense
wave that moved off the coast of West Africa on 11 September 2006 and quickly
developed into a tropical depression by 12 UTC 12 September at 11.9°N, 22.0°W (Brown
2007). Helene eventually reached category 3 strength on the Saffir-Simpson hurricane
scale, but remained at sea. The wave that developed Helene was chosen for simulation
because it was associated with widespread cold cloudiness, much lightning (LP10), and,
presumably, much latent heating.
The Weather Research and Forecast (WRF) model version 3.3.1 (Wang et al.
2012) was utilized for the numerical simulations. In particular, the Advanced Research
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WRF (ARW) dynamical core was used. The WRF-ARW utilizes fully compressible,
non-hydrostatic equations, a staggered Arakawa C-grid in the horizontal, and a terrainfollowing hydrostatic pressure coordinate in the vertical (Wang et al. 2012).
Simulations were carried out between 18 UTC 8 September 2006 and
18 UTC 12 September 2006. The beginning of the simulations correspond with a time
when the wave was well developed (Leppert 2009 first identified Helene’s precursor
wave in their analysis domain at 30°E on 4 September). The ending time of the
simulations extends past the observed time of initial tropical depression development in
order to determine whether the model could produce a tropical depression near the
observed location, giving some indication of the fidelity of the results. A three-km
resolution horizontal grid stretching from ~27°W–5°E and ~3°N–21°N (Figure 2.6) with
1150 (670) data points in the east-west (north-south) direction was used in all
simulations. This resolution was used to strike a balance between reasonable
computational time and the ability to explicitly resolve processes associated with
convection in order to avoid the use of a convective parameterization and any

Figure 2.6 Map showing the location of the larger three-km resolution grid used for all
numerical simulations and the location of the smaller one-km resolution grid used for the
NESTED simulation.
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dependence of results on that parameterization. One simulation (NESTED) utilized an
additional nested one-km resolution grid (Figure 2.6) to examine the sensitivity of the
results to horizontal resolution. This one-km grid stretched from ~21°W−14°W and
~7°N−15°N with 817 (856) grid points in the east-west (north-south) direction. In the
vertical, 28 sigma levels were used stretching from the surface to 50 hPa for all
simulations. Initial and boundary conditions were provided every six hours from the
NCEP final operational 1.0° by 1.0° global analyses. The data is available from the Data
Support Section of the Computational and Information System Laboratory at the National
Center for Atmospheric Research website (http://dss/ucar/edu/datasets/ds083.2/).
Some dynamics options included in WRF-ARW used for this research include
positive definite 6th order horizontal diffusion (to eliminate up-gradient diffusion and to
serve as a shortwave numerical noise filter [Wang et al. 2012]), positive definite
advection for moisture and scalars (conserves moisture and scalars while preventing them
from acquiring unphysical values < 0), and vertical motion Rayleigh damping at the top
of the model atmosphere (acts as an implicit gravity wave damping layer [Wang et al.
2012]) to reduce reflection of waves from the model top. In addition, 5th order
horizontal momentum and scalar advection, 3rd order vertical momentum and scalar
advection, and Runge-Kutta 3rd order time integration (all recommended in Wang et al.
2012) were utilized in our numerical simulations.
The WRF-ARW model also includes several physics options. For longwave
radiation, the Rapid Radiative Transfer Model (RRTM; Mlawer et al. 1997) was chosen.
For better computational efficiency while still maintaining accuracy consistent with that
of line-by-line models, the RRTM uses look-up tables and the correlated-k method for the
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calculation of fluxes and cooling rates. In addition, the RRTM accounts for multiple
bands, trace gases, and microphysics species (Mlawer et al. 1997; Wang et al. 2012). To
account for shortwave radiation, the Dudhia parameterization (Dudhia 1989) was used.
The Dudhia scheme is a simple scheme that accounts for clouds and clear-sky absorption
and scattering.
The planetary boundary layer (PBL) scheme chosen for this study was the MellorYamada-Janjic (MYJ) scheme (Janjic 1994). This parameterization is the scheme used in
the Eta model and includes a one-dimensional prognostic equation for total kinetic energy
while accounting for local vertical mixing (Wang et al. 2012). Compatible with the MYJ
PBL scheme is the Eta similarity scheme for the surface layer (Janjic 1994). This surface
layer parameterization is based on Monin-Obukhov with Zilitinkevich thermal roughness
length (Wang et al. 2012), and the scheme uses standard similarity functions extracted
from look-up tables. In addition, the land surface was accounted for with the five-layer
thermal diffusion scheme. This scheme accounts only for soil temperature and was
chosen for its relative efficiency and simplicity.
To test for sensitivity of results to chosen PBL and surface parameterizations, an
additional simulation (YONSEI simulation) used the Yonsei University PBL scheme
(Hong et al. 2006), compatible Monin-Obukhov surface layer scheme, and Noah land
surface model (Chen and Dudhia 2001). The Yonsei University scheme is a non-local,
turbulent mixing PBL scheme. In addition, the Yonsei PBL scheme includes an explicit
entrainment layer at the top of the PBL that improves upon earlier PBL schemes (Hong et
al. 2006).
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The WRF Single-Moment 6-class (WSM6) microphysics parameterization (Hong
and Lim 2006) was chosen because that scheme accounts for mixed-phase microphysics
(including supercooled water) and is applicable for high resolution simulations.
Specifically, this scheme predicts the mixing ratios of water vapor, cloud water, rain
water, cloud ice, snow, and graupel. The WRF model includes an option for turning off
the latent heating produced by the microphysics parameterization. Hence, two identical
simulations of Helene's precursor easterly wave were conducted using the
aforementioned options, except that one simulation included microphysics-produced
latent heating (WSM6 with heating [WSM6_WH] simulation) and the other did not allow
for latent heating (WSM6 no heating [WSM6_NH] simulation), in order to test the effects
of latent heating/convection on the synoptic-scale wave.
Because we are testing the effects of latent heating produced by the model's
microphysics scheme, it is possible that the results might be sensitive to the microphysics
scheme chosen and the different distributions of latent heating produced by the different
schemes. Hence, two additional simulations were conducted with microphysicsproduced latent heating, but using two different microphysics schemes. One of those
additional simulations utilized the WRF Double-Moment 6-Class scheme (WDM6). This
scheme is identical to the WSM6 scheme, except that WDM6 predicts the number
concentrations of cloud and rain water in addition to the mixing ratios of those species
(Lim and Hong 2010). The WDM6 scheme also adds a prognostic equation for the
number concentration of cloud condensation nuclei not included in WSM6. The other
additional simulation used the Thompson microphysics scheme (Thompson et al. 2008;
THOMP simulation). This scheme predicts mixing ratios for water vapor, cloud ice,
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cloud water, rain, snow, and graupel. In addition, the Thompson scheme incorporates a
prognostic equation for the number concentration of cloud ice. Therefore, the Thompson
scheme is a single-moment scheme with the exception of double-moment cloud ice.
Note that all the physics options selected for this research are consistent with the
options selected in other studies (e.g., Chiao and Jenkins 2010; Gentry and Lackmann
2010; Berry and Thorncroft 2012; Ross et al. 2012) that examined WRF simulations of
easterly waves and/or tropical cyclones. See Table 7.1 for a summary of all the
simulations performed for this study and their associated physics options.
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CHAPTER III

TROPICAL EASTERLY WAVE STRUCTURE

The composite vertical structure of easterly waves identified using the wave phase
classification procedure described in Chapter II is presented in this chapter for each of the
longitude bands shown in Figure 2.1, except for the East Atlantic (wave structure over
this region is similar to that over Africa). Where possible, the wave structure found here
is compared with the structure identified in previous studies to provide an indication of
the fidelity of the wave phase classification procedure used here.
Figure 3.1 shows the composite values of relative vorticity as a function of wave
phase for easterly waves over the Africa longitude band. All wave phases are associated
with cyclonic (anticyclonic) vorticity below 925 hPa (above 500 hPa). There is a slight
indication of an eastward tilt with height below 700 hPa and a slight westward tilt above
that level, consistent with the structure found in Burpee (1975), Reed et al. (1977),
Thompson et al. (1979), and Leppert (2009). At low levels (below 700 hPa), the
maximum (minimum) vorticity occurs in the trough (ridge), as expected. In the ridge,
this minimum in vorticity occurs near 700 hPa, but in the trough, the maximum occurs
lower, ~850 hPa. In contrast, the maximum in the trough occurred around 700 hPa in
Reed et al. (1977) and Thompson et al. (1979).
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Figure 3.1 Composite vertical cross section of relative vorticity (10-6 s-1) across the
various wave phases valid over the Africa longitude band. Dashed lines indicate negative
values.

The composite vertical cross section of divergence for easterly waves over Africa
shown in Figure 3.2 indicates that convergence occurs below 850 hPa across all wave
phases with a maximum near the surface between the northerly and trough phases.
Divergence is maximized in the northerly phase at 700 hPa, and occurs in all phases
above 300 hPa. These patterns of divergence/convergence are similar to those found by
Reed et al. (1977), Thompson et al. (1979), Duvel (1990), and Leppert (2009). In
addition, the vertical structure of omega (not shown) is in good agreement with that
found by Thompson et al. (1979) and corresponds with the divergence pattern where the
greatest upward motion occurs at 850 hPa above strong low-level convergence and below
a region of divergence between the northerly and trough phases.
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Figure 3.2 Composite vertical cross section of divergence (10-6 s-1) across the various
wave phases valid over the Africa longitude band. Negative values are indicated by
dashed lines.

The composite thermal structure (shown by the temperature anomaly in
Figure 3.3) of easterly waves over Africa shows warm temperatures at low levels
in the ridge and northerly phases and cool temperatures at low levels in the southerly and
trough phases, similar to what is observed by Reed et al. (1977) and Leppert (2009). In
addition, Figure 3.3 shows a warm anomaly near 600 hPa in the trough and a weak cool
anomaly in the ridge phase at mid levels. At upper levels (~200 hPa), Reed et al. (1977)
found a warm anomaly in the ridge stretching towards the northerly phase and a cool
anomaly in the trough and southerly phases. In contrast, Figure 3.3 shows a weak warm
anomaly in the trough with little anomaly in any other phases at upper levels. The
reanalysis data used for this study combines numerical model output with observations to
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Figure 3.3 Composite vertical cross section of the temperature anomaly (K; relative to the
mean at each longitude and pressure level) across the various wave phases valid over
Africa. Dashed lines indicate negative anomalies.

create an analysis, but relies more on model output when observations are scarce, such as
at upper levels over Africa. This greater reliance on model output may potentially
introduce more error into the resulting reanalysis. Reed et al. (1977) relied upon
sounding data for their analysis which also has some limitations. For example, sounding
data is treated as if the measurements were for a single vertical column, but the balloon
could be blown horizontally away from the launching point, especially at upper levels
where winds are generally stronger. Hence, differences between upper-level easterly
wave thermal structure observed here and that observed in previous studies could be a
result of different data sources and/or the limitations associated with the various datasets.
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The structure of easterly waves over Africa in terms of moisture (shown by the
specific humidity anomaly in Figure 3.4) displays an expected pattern. In particular, a
deep, near-surface layer is anomalously dry (moist) in the northerly (southerly) phase.
Subsidence drying in association with the descending branch of the Hadley circulation
and dry air over the Saharan Desert to the north likely contribute to the dry conditions
found in the northerly phase. Moisture is relatively high in the southerly phase due to
advection of moist air from the intertropical convergence zone and over the Gulf of
Guinea to the south. Warm air over the Saharan Desert and cooler air over the Gulf of
Guinea also likely contribute to the low-level temperature patterns seen in Figure 3.3. An
examination of the θe anomaly structure over Africa (not shown) is consistent with the

Figure 3.4 Composite vertical cross section of the specific humidity anomaly (g kg-1;
relative to the mean at each longitude and pressure level) across the various wave phases
valid over Africa. Dashed lines indicate negative anomalies.
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specific humidity distribution in that a positive (negative) θe anomaly extends through a
deep layer of the troposphere in the southerly (northerly) phase.
The composite relative vorticity structure across all wave phases over the West
Atlantic (Figure 3.5) shows the expected pattern of cyclonic (anticyclonic) vorticity at
700 hPa in the trough (ridge) phase in agreement with the structure over Africa
(Figure 3.1). Cyclonic vorticity also occurs below 700 hPa in the trough over both the
West Atlantic and Africa, but values are weaker over the ocean. Near the surface in the
ridge phase, anticyclonic vorticity is observed over the West Atlantic. In contrast, lowlevel vorticity is cyclonic in the ridge phase over Africa. At upper levels (~200 hPa) over
both regions, anticyclonic vorticity is observed, but values are more negative over Africa.

Figure 3.5 Composite vertical cross section of relative vorticity (10-6 s-1) across the
various wave phases valid over the West Atlantic longitude band. Dashed lines indicate
negative values.
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A comparison between the composite divergence structure of easterly waves over
the West Atlantic (Figure 3.6) and that over Africa (Figure 3.2) indicates that values are
generally smaller over the West Atlantic. A similarity between the structure over both
regions occurs between ~150–200 hPa in the southerly phase where a relative maximum
in divergence occurs. However, a maximum in convergence occurs in the southerly
phase near 700 hPa over the West Atlantic that is not observed over Africa. Another
difference between the divergence structure over the two regions is that convergence
occurs across all phases over Africa (Figure 3.2) from the surface up to 850 hPa, while
convergence is confined below 925 hPa over the West Atlantic (Figure 3.6). In addition,

Figure 3.6 Composite vertical cross section of divergence (10-6 s-1) across the various
wave phases valid over the West Atlantic longitude band. Negative values are indicated
by dashed lines.
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the maximum in low-level convergence occurs in the trough over the West Atlantic,
whereas the maximum occurs closer to the northerly phase over Africa.
Easterly wave thermal structure over the West Atlantic (not shown) is similar to
that over Africa (Figure 3.3), except that the warm (cold) anomaly near 850 hPa in the
northerly (southerly) phase over Africa has shifted to the ridge (trough) phase over the
West Atlantic. The distribution of moisture throughout the wave phases over the West
Atlantic (not shown) is also similar to that over regions farther east (e.g., Figure 3.4). In
particular, a deep layer in the northerly (southerly) phase over the West Atlantic is
anomalously dry (moist).
Easterly wave structure over the Caribbean is quite similar to that observed over
Africa. In particular, the vorticity structure over the Caribbean (not shown) is associated
with cyclonic (anticyclonic) vorticity below 925 hPa (above 500 hPa) in all wave phases.
In addition, a maximum in cyclonic vorticity occurs ~925 hPa in the trough over the
Caribbean, as is observed over Africa (Figure 3.1). In addition, the distribution of
moisture across the easterly wave phases over the Caribbean (not shown) is similar to that
observed over Africa (Figure 3.4), with dryer (moister) conditions in the northerly
(southerly) phase. However, the maximum (minimum) specific humidity anomalies in
the southerly (northerly) phase occur ~600 hPa over the Caribbean but ~925 hPa over
Africa.
The divergence structure of easterly waves over the Caribbean (Figure 3.7) shows
several similarities and differences relative to that over Africa (Figure 3.2). A maximum
in divergence is observed at 700 hPa in the northerly phase and ~200 hPa in the southerly
phase over both the Caribbean and Africa. However, the northerly phase maximum is
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Figure 3.7 Composite vertical cross section of divergence (10-6 s-1) across the various
wave phases valid over the Caribbean longitude band. Negative values are indicated by
dashed lines.

greater over Africa, while the southerly phase maximum is greater over the Caribbean. In
addition, the magnitude of maximum low-level (below 850 hPa) convergence is
comparable over both regions, but this maximum occurs in the northerly phase over
Africa and in the trough over the Caribbean (similar to over the West Atlantic
[Figure 3.6]).
Composite temperature anomalies of easterly waves over the Caribbean
(Figure 3.8) are much smaller than those observed farther east (e.g., Figure 3.3). A weak
warm (cool) anomaly occurs ~850 hPa in the ridge (trough) over the Caribbean, similar
to the pattern observed over the West Atlantic (not shown). Another weak warm
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Figure 3.8 Composite vertical cross section of the temperature anomaly (K; relative to the
mean at each longitude and pressure level) across the various wave phases valid over the
Caribbean. Dashed lines indicate negative anomalies.

anomaly is centered ~300 hPa in the southerly phase over the Caribbean, which is not
observed in any other longitude band farther east.
The composite relative vorticity structure over the East Pacific (Figure 3.9) is
quite similar to that observed over the West Atlantic (Figure 3.5). In particular,
anticyclonic vorticity occurs below 925 hPa in the ridge phase over both regions with
weak, nearly uniform cyclonic vorticity values extending from ~600–1000 hPa within the
trough. In addition, the vorticity structure over the East Pacific shows no indication of a
tilt of the waves with height, consistent with what is observed over the West Atlantic.
Serra and Houze (2002) also found little tilt of the waves with height over the East
Pacific as shown in their Figure 7a by the vertical structure of meridional wind. As
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Figure 3.9 Composite vertical cross section of relative vorticity (10-6 s-1) across the
various wave phases valid over the East Pacific longitude band. Dashed lines show
negative values.

expected, a minimum in vorticity occurs at ~700 hPa in the ridge over the East Pacific
(Figure 3.9), consistent with the wave phase classification procedure and the structure
observed over all the other longitude bands.
The composite structure of easterly waves over the East Pacific in terms of
divergence (Figure 3.10) shows convergence at low levels in all phases with a maximum
in the trough and northerly phases, similar to what is observed over Africa (Figure 3.2)
and the Caribbean (Figure 3.7). However, the values of convergence over the East
Pacific are weaker. Also, similar to what is observed over Africa and the Caribbean,
divergence occurs ~700 hPa in the northerly phase over the East Pacific. Another
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Figure 3.10 Composite vertical cross section of divergence (10-6 s-1) across the various
wave phases valid over the East Pacific longitude band. Negative values are indicated by
dashed lines.

prominent feature seen in Figure 3.10 is the divergence maximum at 200 hPa in the
southerly phase, similar to that observed over regions farther east.
The temperature anomaly as a function of easterly wave phase and pressure over
the East Pacific is shown in Figure 3.11. A cool anomaly is observed in the low-level
trough phase over the East Pacific, while the ridge is associated with a warm anomaly at
low levels, consistent with Serra and Houze (2002). In contrast, Petersen et al. (2003)
show a low-level cool (warm) anomaly centered on the southerly (northerly) phase. The
different low-level phasing of temperature structure observed by Petersen et al. (2003)
relative to this study and Serra and Houze (2002) may be related to different analysis
domains. Petersen et al. (2003) examined composites of three easterly waves using data
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Figure 3.11 Composite vertical cross section of the temperature anomaly (K; relative to
the mean at each longitude and pressure level) across the various wave phases valid over
the East Pacific. Dashed lines indicate negative anomalies.

collected near one point located at 10°N, 95°W in 2001. Serra and Houze (2002)
performed their analysis using data collected near 7.8°N, 125°W in 1997. This study
utilized reanalysis data valid over a much larger spatial (i.e., 5°N–20°N, 130°W–95°W)
and temporal domain (i.e., June–November 2001–2010). It is possible that wave
structure varies somewhat at individual points and/or for individual waves.
A comparison between the thermal structure over the East Pacific (Figure 3.11)
and that over other longitude bands shows that the structure over the East Pacific has
more in common with that over the Caribbean (Figure 3.8) than that over Africa
(Figure 3.3). Specifically, the magnitudes of temperature anomalies over the East Pacific
are similar to those over the Caribbean which are smaller than those over Africa.
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Associated with these relatively small anomalies over the Caribbean and East Pacific are
much weaker low-level temperature gradients between different phases relative to those
over Africa. In addition, the low-level cold (warm) anomaly moves from the southerly
(northerly) phase over Africa to the trough (ridge) over the Caribbean and East Pacific.
These changes may be due to the lack of a desert and associated warm, dry air to the
north over the Caribbean and East Pacific. A similarity between the thermal structure
over Africa and the East Pacific is the warm (cool) anomaly that occurs near the trough
(ridge) at ~500 hPa over both regions. Note that this midlevel thermal structure over the
East Pacific is similar to that observed in Petersen et al. (2003). A similarity between the
thermal structure over Africa (Figure 3.3), the Caribbean (Figure 3.8), and the East
Pacific (Figure 3.11) is that the phasing of the thermal anomalies at mid and low levels
over all three regions suggests that the thermal structure tilts eastward with height.
The composite cross section of the specific humidity anomaly across the various
easterly wave phases over the East Pacific (Figure 3.12) shows that the moisture
anomalies in all wave phases at all levels are quite small (i.e., values are almost uniform).
However, the southerly phase is associated with a small maximum moisture anomaly
~500 hPa. The northerly phase is associated with a negative moisture anomaly
throughout a large depth of the troposphere with no clear minimum at any level. Petersen
et al. (2003) also found relatively dry (moist) air in the northerly (southerly) phase but
with clear minimum (maximum) values at lower levels. A comparison between
Figures 3.12 and 3.4 show a much weaker moisture gradient between the northerly and
southerly phases over the East Pacific relative to that over Africa, especially at lower
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Figure 3.12 Composite vertical cross section of the specific humidity anomaly (g kg-1;
relative to the mean at each pressure level and longitude) across the various wave phases
valid over the East Pacific. Dashed lines indicate negative anomalies.

levels. Again, this may be related to a weaker meridional moisture gradient over the East
Pacific due to the absence of a desert to the north, as is found over Africa.
In summary, easterly wave structure appears to vary somewhat as the waves
propagate from Africa to the East Pacific. However, some features change little from
region to region (e.g., cyclonic [anticyclonic] vorticity occurs in the trough [ridge] phase
at 700 hPa over all regions, relatively dry [moist] conditions always exist in the northerly
[southerly] phase). A comparison between easterly wave structure found from previous
studies over Africa and the East Pacific and that found here over the same regions
indicates some differences amongst the various studies (e.g., upper-level thermal
structure over Africa, low-level thermodynamic structure over the East Pacific). These
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differences could be a result of different analysis domains, different sample sizes used for
composites, and/or different data sources. In general, though, the composite easterly
wave structure observed here agrees reasonably well with the structure found from
previous studies over both regions. This suggests that the wave phase classification
procedure used herein is robust, despite some subjectivity.
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CHAPTER IV

EULERIAN COMPOSITES

A comparison between DWs and NDWs is presented in this chapter using
composites of convective variables and larger-scale variables valid over the fixed
longitude bands shown in Figure 2.1. Specifically, comparisons are made between
NDWs and East Atlantic developing waves (EADWs; waves which developed a tropical
cyclone over the East Atlantic longitude band), West Atlantic – Caribbean developing
waves (WACDWs; waves which spawned a cyclone over the West Atlantic or Caribbean
region), and East Pacific developing waves (EPDWs; waves that developed a tropical
cyclone over the East Pacific). See Table 4.1 for a summary of the acronyms and
definitions of each wave category used in this chapter.
Table 4.2 shows the number of distinct easterly waves and the number of
individual data points included in the trough phase composites of various wave
categories. Note that as a result of wave merger/splitting as well as the ambiguities
associated with counting weak NDWs that alternately can be tracked for a short time over
the analysis domain and then become too weak to be tracked, the number of distinct
NDWs in Table 4.2 is only an estimate.
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Table 4.1 Definitions and acronyms associated with various wave categories used for the
Eulerian analysis.
Wave Category
East Atlantic developing
wave

Acronym
EADW

West Atlantic – Caribbean
developing wave

WACDW

East Pacific developing
wave

EPDW

Non-developing wave

NDW

Definition
Wave developed a tropical depression over
the East Atlantic longitude band
Wave developed a tropical depression over
the West Atlantic or Caribbean longitude
band
Wave developed a tropical depression over
the East Pacific longitude band
Wave never developed a tropical cyclone of
at least tropical storm strength

4.1 Convective Variables
The composite coverage by IR brightness temperature thresholds are provided in
Table 4.3 over various longitude bands for various wave categories, including for
EADWs and NDWs. Although circulations associated with the ridge phase may
influence tropical cyclogenesis in the trough phase (e.g., Arnault and Roux 2010; Arnault
and Roux 2011), cyclogenesis is not expected to occur in the ridge phase which is
associated with a midlevel anticyclonic circulation. In addition, the ridge sample sizes
(not shown) are relatively small compared to the other wave phases. Hence, values for
the ridge phase are not shown in Table 4.3 or in any subsequent composites. Over
Africa, the coverage by temperatures ≤ 210 K and ≤ 240 K is significantly greater in all
EADW phases (except for the 210 K threshold in the trough phase) compared to the
corresponding NDW values. Over the East Atlantic, significantly greater EADW values
are confined to only the trough and northerly phases. Similarly, the composite
percentage convective coverage values for EADWs and NDWs in Table 4.4 indicate that
coverage is greater for EADWs over both Africa and the East Atlantic in each wave
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Table 4.2 The number of distinct easterly waves and data points used for the trough
composites of non-developing waves (NDWs), East Atlantic developing waves
(EADWs), West Atlantic − Caribbean developing waves (WACDWs), and East Pacific
developing waves (EPDWs). The numbers of distinct waves are valid over the full
analysis domain (ALL) while the trough points are valid over individual longitude bands
(bands defined as in Figure 2.1). The asterisk indicates wave categories that are valid for
July–August only. The number of individual NDWs is an estimate and includes an
estimate of uncertainty because of the difficulty in counting these waves (see text).
Finally, the missing values are for those composites that were unavailable.
Distinct Easterly Waves
ALL
EPC
2582
NDW 330±40
28
−
EADW
37
−
WACDW
68
267
EPDW*
612
NDW* 100±15

CAR
1695
−
102
358
449

Trough Points
WAT
1978
−
290
361
467

EAT
1737
138
317
287
454

AFR
2505
313
436
392
573

phase. The differences between EADWs and NDWs in the northerly phase over both
Africa and the East Atlantic are significant, and the difference between trough phase
values over the East Atlantic is also relatively large (while not significant at the 99%
level, it is significant at the 95% level). Thus, as EADWs approach their genesis region
over the East Atlantic, the maximum convective and cold cloudiness coverage occurs
ahead of and within the wave trough where it may interact with the larger-scale wave
helping to amplify the wave, perhaps making it more favorable for cyclogenesis (LP10).
In contrast to the coverage by IR brightness temperatures below certain
thresholds, no significant differences between EADWs and NDWs in terms of composite
lightning flash rates (Table 4.5) are observed over Africa. However, values in all phases,
except the southerly phase, are somewhat greater for EADWs over that region.
Consistent with several previous studies which show a decrease in lightning over the
ocean compared to land (e.g., Christian et al. 2003), lightning decreases substantially
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Table 4.3 The fractional coverage by IR brightness temperatures ≤ 240 K and ≤ 210 K for
East Atlantic developing wave (EADW), West Atlantic – Caribbean developing wave
(WACDW), and non-developing wave (NDW) phases valid over various longitude
bands. The bold (italic) numbers indicate values that are significantly greater (less) than
the corresponding NDW values valid at the 99% level.
Africa
Northerly
EADW
0.111
WACDW
0.085
0.073
NDW

240 K
Trough
0.088
0.083
0.071

Northerly
EADW
0.094
0.064
WACDW
0.059
NDW

240 K
Trough
0.094
0.086
0.075

Northerly
WACDW
0.067
0.045
NDW

240 K
Trough
0.103
0.056

Southerly
0.082
0.079
0.065

Northerly
0.021
0.017
0.014

210 K
Trough
0.015
0.015
0.013

Southerly
0.014
0.013
0.010

Northerly
0.009
0.004
0.004

210 K
Trough
0.010
0.008
0.006

Southerly
0.009
0.005
0.007

Northerly
0.008
0.004

210 K
Trough
0.011
0.005

Southerly
0.015
0.006

Northerly
0.029
0.019

210 K
Trough
0.032
0.022

Southerly
0.029
0.022

East Atlantic
Southerly
0.085
0.069
0.088
West Atlantic
Southerly
0.110
0.068
Caribbean
Northerly
WACDW
0.162
0.119
NDW

240 K
Trough
0.169
0.130

Southerly
0.163
0.131
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Table 4.4 Percentage convective coverage as a function of wave phase for East Atlantic
developing waves (EADWs), West Atlantic − Caribbean developing waves (WACDWs),
and non-developing waves (NDWs) valid over various longitude bands. The bold values
are as in Table 4.3.
Africa
Northerly Trough
0.96
EADW
1.16
0.91
0.86
WACDW
0.76
0.80
NDW

Southerly
0.91
0.89
0.78

East Atlantic
Northerly Trough
1.41
EADW
1.48
1.07
1.24
WACDW
1.07
1.16
NDW

Southerly
1.18
1.10
1.11

West Atlantic
Northerly Trough
1.42
WACDW
1.70
1.33
1.43
NDW

Southerly
1.59
1.46

Caribbean
Northerly Trough
2.03
1.76
WACDW
1.66
1.78
NDW

Southerly
1.81
1.73

over the East Atlantic compared to Africa. Differences in flash rates between EADWs
and NDWs remain relatively small over the East Atlantic in all phases, except the trough.
The EADW trough (phase where cyclogenesis is assumed to occur) is associated with
significantly greater lightning than the corresponding NDW value. Other than the trough
flash rates over the East Atlantic, the lightning data suggest an intensity of convection
that is not that different between EADWs and NDWs over both Africa and the East
Atlantic.
Table 4.6 shows composite PCT37 and PCT85 values as a function of wave phase
for various wave types and regions. Differences between EADWs and NDWs over both
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Table 4.5 As in Table 4.4, except for lightning flash rates (flashes day-1 [0.5°]-2).
Africa
Northerly Trough
179.6
266.1
EADW
194.6
345.5
WACDW
154.4
209.6
NDW

Southerly
214.2
287.5
240.8

East Atlantic
Northerly Trough
3.1
EADW
64.7
2.7
9.4
WACDW
9.8
4.5
NDW

Southerly
13.7
12.6
19.0

West Atlantic
Northerly Trough
31.8
31.1
WACDW
32.0
43.3
NDW

Southerly
20.0
24.1

Caribbean
Northerly Trough
516.5
WACDW
609.9
212.9
292.2
NDW

Southerly
250.3
195.6

Africa and the East Atlantic are quite small and are not significant in any phase. Hence,
an analysis of mean cold PCT values suggests little difference in the intensity of
convection between EADWs and NDWs.
The difference between mean convective reflectivity values of EADWs and
NDWs (EADW minus NDW values) as a function of wave phase valid over the East
Atlantic is shown in Figure 4.1. Note that differences are calculated and shown in
Figure 4.1 and all subsequent figures only where the mean reflectivity values for both
DWs and NDWs are ≥18 dBZ (the approximate minimum detectable signal of the PR
[Yang et al. 2006]). Differences are generally positive in Figure 4.1, indicating greater
reflectivity values for EADWs. These larger reflectivity values would presumably be
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Table 4.6 Mean polarization corrected temperatures at 37.0 and 85.5 GHz using
37.0-GHz values ≤ 260 K and 85.5-GHz values ≤ 200 K (i.e., values associated with deep
convection) for East Atlantic developing wave (EADW), West Atlantic – Caribbean
developing wave (WACDW), and non-developing wave (NDW) phases valid over
various longitude bands. No EADW or WACDW values are significantly different from
those of NDWs valid at the 99% level.
Africa
37.0 GHz
Northerly Trough Southerly
251.0
251.2
251.9
EADW
252.2
251.6
251.6
WACDW
251.7
251.7
251.7
NDW

85.5 GHz
Northerly Trough Southerly
175.8
177.0
177.1
176.0
176.3
176.1
176.4
177.0
177.7

East Atlantic
Northerly
256.4
EADW
256.8
WACDW
257.0
NDW

37.0 GHz
Trough Southerly
256.5
256.1
256.6
256.4
256.7
256.2

Northerly
184.0
184.3
185.3

85.5 GHz
Trough Southerly
184.3
183.0
185.0
185.3
185.6
185.3

Northerly
181.5
182.0

85.5 GHz
Trough Southerly
183.5
182.2
183.1
183.4

West Atlantic
Northerly
254.5
WACDW
254.7
NDW

37.0 GHz
Trough Southerly
255.2
255.5
255.3
255.6

Caribbean
37.0 GHz
Northerly Trough Southerly
252.6
253.2
253.3
WACDW
253.5
253.3
253.2
NDW
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85.5 GHz
Northerly Trough Southerly
177.5
177.4
178.4
178.6
178.6
178.5

Figure 4.1 Precipitation Radar convective reflectivity (only values classified as
convective are used) differences between East Atlantic developing waves (EADWs) and
non-developing waves (NDWs; i.e., EADW minus NDW values) as a function of height
and wave phase valid over the East Atlantic. The dashed horizontal lines depict the value
of half the standard deviation at each height, and the squares indicate EADW values that
are significantly greater than the corresponding values of NDWs valid at the 99% level.

associated with stronger updrafts and more vigorous convection in order to support such
reflectivity values. However, only the value at 2.5 km in the northerly phase and
4.5–5.5 km in the southerly phase are significantly greater for EADWs (indicated by
squares in Figure 4.1). Thus, considering how many levels and phases fail the
significance tests, we cannot infer much from the few levels that do show significance.
In addition, the differences between EADW and NDW reflectivity profiles over Africa
(not shown) are also small and not statistically significant.
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In summary, EADWs appear to be associated with a greater coverage by
convection and cold cloudiness over both Africa and the East Atlantic compared to
NDWs. There is only slight indication of more intense convection associated with
EADWs. These results are generally consistent with the results of LP10 where DWs
were found to be associated with a greater coverage by cold cloud tops and more
lightning compared to NDWs. The coverage by IR brightness temperatures ≤ 240 K
and/or ≤ 210 K provide the greatest number of statistically significant differences
between EADWs and NDWs over both Africa and the East Atlantic, thus, providing the
best discrimination between EADWs and NDWs.
Some waves included in the NDW composite are associated with relatively little
cold cloudiness and convection and, from an operational forecasting perspective, would
clearly be distinguished from DWs. Hence, a comparison between these NDWs and
DWs is not particularly instructive. To make a comparison between DWs and NDWs
associated with a similar probability of development, the archived Graphical Tropical
Weather Outlooks produced by the NHC were examined in order to identify easterly
waves that were assigned a moderate (30−50%) chance of genesis within 48 hours.
Composites were created for NDWs and all DWs in 2009 and 2010 (the archived
outlooks were only available for the last two years of the study) at the times and locations
when these waves were assigned a 30−50% chance of genesis by the NHC. Forty-two
(117) distinct easterly waves (individual trough data points) were included in these DW
composites. Note that 40 of these 42 waves actually developed within 48 hours. Nine
(42) distinct waves (trough points) were included in the NDW composites. Table 4.7
shows the statistics for these 30−50% chance-of-genesis DW and NDW composites valid
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Table 4.7 The fractional coverage by IR brightness temperatures ≤ 240 K and ≤ 210 K,
mean polarization corrected temperatures (K) at 37.0 and 85.5 GHz using the same
thresholds as in Table 4.6, convective coverage (%), and lightning flash rates
(flashes day-1 [0.5°]-2) for developing and non-developing waves (30−50% DW and
30−50% NDW, respectively) that were assigned a 30−50% probability of development
within the next 48 hours by the National Hurricane Center. Note that none of the 30–
50% DW values are significantly different from the corresponding 30–50% NDW values
valid at the 99% level.
IR Brightness Temperature Thresholds
Northerly Trough Southerly
0.115
0.154
0.172
240 K
30-50% DW
0.014
0.021
0.024
210 K
30-50% NDW

240 K
210 K

0.079
0.009

0.133
0.021

0.125
0.021

Polarization Corrected Temperatures
Northerly Trough Southerly
254.7
255.0
255.4
30-50% DW 37.0 GHz
182.1
182.2
183.0
85.5 GHz
30-50% NDW 37.0 GHz
85.5 GHz

256.7
183.1

256.1
183.6

255.0
180.6

30-50% DW
30-50% NDW

Convective Coverage
Northerly Trough
1.48
1.93
1.20
1.38

Southerly
1.93
1.69

30-50% DW
30-50% NDW

Lightning Flash Rates
Northerly Trough
30.2
38.6
4.0
6.5

Southerly
65.1
58.4
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over the full analysis domain (to maximize the sample size). Coverage by IR brightness
temperatures ≤ 240 K, convective coverage, and flash rates are greater in nearly all DW
phases compared to the corresponding NDW phases with the greatest differences
generally found in the trough and northerly phases. In addition, PCT37 values are smaller
in all DW phases, except the southerly phase. Therefore, when DWs and NDWs were
associated with an enhanced probability of cyclogenesis according to the NHC, DWs
appear to be associated with more widespread and intense convection, in general, in
agreement with the results of the comparison between all NDWs and EADWs. Note that
none of the variables show statistically significant differences between DWs and NDWs
associated with a moderate probability of genesis, possibly due to relatively small sample
sizes.
The climatological peak of tropical cyclone occurrence in the Atlantic occurs
around August–September (e.g., Landsea 1993). Hence, we wanted to examine possible
intra-seasonal impacts on our results by examining a comparison between EADWs and
NDWs valid only for August–September. In general, this comparison (not shown)
revealed patterns similar to those found for the comparison valid for June–November,
especially over the East Atlantic (i.e., greater coverage and/or intensity of convection for
EADWs). However, the magnitude of differences between the two wave categories valid
for the shortened time period were somewhat smaller and less often statistically
significant than observed for the comparison valid for the full time period. Restricting
the NDW composite to those waves that occur in August−September may lead to a
composite of waves that presumably propagate through an environment climatologically
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more favorable for cyclogenesis (e.g., moister environment) and for more widespread/
intense convection compared to the full June–November sample.
In order to increase the sample size (Table 4.2), waves that developed a tropical
cyclone over either the West Atlantic or Caribbean were combined into a single category
(i.e., WACDWs). The coverage by IR brightness temperatures ≤ 240 K and ≤ 210 K
shown in Table 4.3 indicate that WACDWs are associated with significantly greater
coverage by cold cloud tops compared to NDWs in all phases over Africa, the West
Atlantic, and the Caribbean (the WACDW southerly phase 210 K threshold value over
the Caribbean is greater than the corresponding NDW value, but not significantly so).
Over the East Atlantic, only the coverage by cold cloud tops in the trough phase is
significantly greater for WACDWs. The coverage by cold cloudiness in other WACDW
phases over the East Atlantic is generally less than the corresponding NDW values (the
240 K threshold in the southerly phase is actually significantly less). Thus, a persistent
large coverage by cold cloudiness in the trough phase may be important for the genesis of
tropical cyclones from WACDWs.
The percentage convective coverage values shown for WACDWs and NDWs in
Table 4.4 indicate few significant differences between the two wave categories over any
longitude band. In fact, only the WACDW trough over the West Atlantic is associated
with significantly more convective coverage than the NDW trough. The coverage in the
WACDW northerly phase over the Caribbean is also much greater than the corresponding
NDW value, but the difference is only significant at the 95% level. Otherwise,
convective coverage is generally comparable between WACDWs and NDWs or slightly
greater for WACDWs without significant differences.
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The WACDW lightning flash rates (Table 4.5) are generally comparable to those
of NDWs over all longitude bands with few significant differences. Only the flash rate in
the WACDW northerly phase over the Caribbean is significantly greater than the
corresponding NDW value. In addition, the mean PCTs from deep convection in
WACDWs (Table 4.6) suggest no significant differences between WACDW and NDW
values with some values slightly greater for WACDWs and others slightly greater for
NDWs. Hence, the intensity of convection associated with WACDWs as indicated by
lightning and low PCTs does not appear to be all that different from that of NDWs.
The differences between mean vertical profiles of convective reflectivity for
WACDWs and NDWs as a function of wave phase over various longitude bands are
shown in Figure 4.2. Over Africa, NDWs are generally associated with greater
reflectivity values in all phases, except the northerly phase. In contrast, as WACDWs
approach their genesis region over the Caribbean, reflectivity values are greater for these
waves relative to NDWs at all heights in all phases. However, very few of the
differences between WACDWs and NDWs over any longitude band are statistically
significant. Only values at 3.5–4.5 km in the northerly phase over the Caribbean and
3.5–5.5 km (4.5 km) in the trough (southerly phase) over the West Atlantic are
significantly greater for WACDWs. Hence, as WACDWs move from their origin over
Africa to where they develop tropical cyclones over the West Atlantic and Caribbean,
convective reflectivity values associated with these waves generally increase slightly
relative to NDWs.
Similar to EADWs, the coverage by cold cloudiness (i.e., using IR thresholds)
provides the greatest number of statistically significant differences between WACDWs
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Figure 4.2 Precipitation Radar convective reflectivity (only values classified as
convective are used) differences between West Atlantic – Caribbean developing waves
(WACDWs) and non-developing waves (NDWs; i.e., WACDW minus NDW values) as a
function of height and wave phase valid over a) Africa b) the East Atlantic c) the West
Atlantic, and d) the Caribbean. The dashed horizontal lines depict the value of half the
standard deviation at each height, and the squares indicate WACDW values that are
significantly greater than the corresponding NDW values valid at the 99% level.
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and NDWs and appears to be the best discriminator between these two wave types,
especially within the trough phase. While convective coverage, lightning flash rates,
mean cold PCTs, and convective reflectivity provide few statistically significant
differences between WACDWs and NDWs, these variables appear to indicate that
WACDWs may be associated with slightly greater coverage and intensity of convection
as these waves approach their genesis region. This enhancement of convection
associated with WACDWs may help to moisten the larger-scale waves at mid/upper
levels (e.g., Dunkerton et al. 2009; Figure 4.9) and/or increase larger-scale mid to lowlevel vorticity (e.g., Montgomery et al. 2006; Nolan 2007; Raymond et al. 2011;
Figure 4.10), helping to create an environment more favorable for tropical cyclogenesis.
A comparison was also made between WACDWs and NDWs valid only for those
months when WACDWs are most active (i.e., August–October) as indicated by the
annual distribution of WACDW data points (not shown). Similar to EADWs, the
restricted WACDW comparison generally did not change the results obtained from the
full June–November comparison.
While EPDWs are near their origin over Africa, they are obviously a long
distance from where they develop tropical cyclones, and there are several complicating
factors (e.g., topography of Central America [Zehnder 1991; Mozer and Zehnder 1996;
Farfan and Zehnder 1997; Zehnder et al. 1999] and barotropic instability over the
Caribbean and East Pacific [Molinari et al. 1997]) that could influence an EPDW
between Africa and the East Pacific. Hence, convection over Africa would not be
expected to exert much of an influence on later tropical cyclogenesis over the East
Pacific. Nevertheless, EPDW coverage by cold cloudiness valid for June–November (not
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shown) is significantly greater than that of NDWs in various wave phases over Africa.
However, the June–November NDW composite over Africa includes all waves, including
those waves that were too weak to track all the way across the Atlantic and waves with
relatively little convection. A comparison between EPDW and NDW composites valid
for only July and August (two of the most active months for tropical cyclogenesis in the
East Pacific), which restricts the NDW composite to those waves that presumably move
through an environment climatologically more favorable for convection and for
cyclogenesis, shows a much different pattern than that observed for June–November. For
example, the coverage by IR brightness temperatures below certain thresholds over
Africa valid for July–August only (Table 4.8) shows smaller EPDW coverage in all
phases (240 K threshold differences are significant in every phase, while 210 K
differences are significant in the trough and northerly phases) compared to the
corresponding NDW values. Thus, the presented comparison between EPDWs and
NDWs is valid for July–August only because this restricted comparison appears to
provide more meaningful results than those obtained from the June–November
comparison.
As EPDWs move over the East and West Atlantic, the coverage by cold
cloudiness (Table 4.8) becomes comparable to that of NDWs with some values greater
for EPDWs and other values greater for NDWs with no significant differences. Over the
Caribbean and East Pacific, all IR threshold coverage values are greater for EPDWs.
Values are significantly greater in the EPDW southerly phase over the Caribbean and all
phases over the East Pacific. Convective coverage (not shown) is generally greater for
NDWs over Africa, the East Atlantic, and West Atlantic, but differences between these
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Table 4.8 The fractional coverage by IR brightness temperatures ≤ 240 K and ≤ 210 K for
East Pacific developing wave (EPDW) and non-developing wave (NDW) phases valid
over various longitude bands using only data valid for July and August. The bold (italic)
numbers indicate values that are significantly greater (less) than the corresponding NDW
values valid at the 99% level.
Africa
Northerly
0.100
EPDW
0.116
NDW

240 K
Trough
0.093
0.105

Southerly
0.068
0.081

Northerly
0.017
0.023

210 K
Trough
0.016
0.019

Southerly
0.011
0.013

Northerly
0.003
0.003

210 K
Trough
0.004
0.005

Southerly
0.002
0.004

Northerly
0.003
0.003

210 K
Trough
0.004
0.004

Southerly
0.005
0.004

Northerly
0.026
0.026

210 K
Trough
0.027
0.027

Southerly
0.029
0.023

Northerly
0.016
0.008

210 K
Trough
0.022
0.013

Southerly
0.024
0.014

East Atlantic
Northerly
0.048
EPDW
0.052
NDW

240 K
Trough
0.057
0.064

Northerly
0.041
0.042

240 K
Trough
0.054
0.047

Southerly
0.049
0.053
West Atlantic

EPDW
NDW

Southerly
0.058
0.050
Caribbean

Northerly
0.151
EPDW
0.146
NDW

240 K
Trough
0.156
0.149

Southerly
0.166
0.136
East Pacific

Northerly
EPDW
0.130
0.084
NDW

240 K
Trough
0.154
0.116

Southerly
0.180
0.122
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waves and EPDWs are generally not significant. In contrast, convective coverage is
often greater for EPDWs over the Caribbean and East Pacific with significantly greater
values in the southerly phase over the Caribbean and northerly and southerly phases over
the East Pacific. Thus, relative to NDWs, convective and cold cloudiness coverage is
smaller for EPDWs over Africa and generally increases as EPDWs move across the
Atlantic and approach their genesis region as would be expected.
Composite lightning flash rates for EPDWs and NDWs (Table 4.9) indicate that
EPDW flash rates are comparable to those of NDWs over all longitude bands east of the
East Pacific band with no significant differences between the two wave types. When
EPDWs are over the East Pacific where they develop tropical cyclones, flash rates in all
phases of these waves are greater (significantly greater in the northerly phase) than the
corresponding NDW values.
A comparison between EPDW and NDW cold PCTs (not shown) indicates,
similar to other DWs, little difference between the two wave types. However, over the
East Pacific, EPDW trough and southerly phase PCT85 values are significantly less than
the corresponding NDW values, suggesting more intense convection for these waves near
their genesis region. Overall, though, differences between DWs (EADWs, WACDWs,
and EPDWs) and NDWs in terms of mean cold PCTs are quite small over all longitude
bands, suggesting that this way of comparing PCTs (taking the mean of pixels below a
threshold for deep convection) may not be the best use of passive microwave
information.
Over all longitude bands east of the East Pacific band, differences between
EPDWs and NDWs in terms of mean convective reflectivity profiles (not shown) are
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Table 4.9 Lightning flash rates (flashes day-1 [0.5°]-2) for East Pacific developing wave
(EPDW) and non-developing wave (NDW) phases valid over various longitude bands
using only data valid for July and August. The bold values are as in Table 4.8.
Africa
Northerly Trough
221.1
235.9
EPDW
170.1
278.1
NDW

Southerly
366.7
233.5

East Atlantic
Northerly Trough
1.5
4.0
EPDW
0.4
2.0
NDW

Southerly
49.4
48.1

West Atlantic
Northerly Trough
19.8
57.9
EPDW
38.6
94.0
NDW

Southerly
41.0
20.4

Caribbean
Northerly Trough
312.5
231.8
EPDW
445.1
353.0
NDW

Southerly
417.2
251.6

East Pacific
Northerly Trough
66.1
EPDW
105.2
32.3
41.0
NDW

Southerly
104.4
61.7
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generally small with few statistically significant differences. Differences in convective
reflectivity profiles between EPDWs and NDWs over the East Pacific (Figure 4.3)
indicate generally greater values for EPDWs in all phases at all levels. EPDW values are
significantly greater between 2.5 and 5.5 km in the northerly phase, at 2.5 km in the
trough, and at 3.5 km in the southerly phase. Thus, when EPDWs are near their origin
over Africa, differences between these waves and NDWs in terms of convective
reflectivity are small. Differences remain small until EPDWs move over their genesis

Figure 4.3 Precipitation Radar convective reflectivity (only values classified as
convective are used) differences between East Pacific developing waves (EPDWs) and
non-developing waves (NDWs; i.e., EPDW minus NDW values) as a function of height
and wave phase valid over the East Pacific for July–August only. The dashed horizontal
lines depict the value of half the standard deviation at each height, and the squares
indicate EPDW values that are significantly greater than the corresponding NDW values
valid at the 99% level.
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region of the East Pacific, where low- to mid-level reflectivity values become
significantly greater for these waves in all phases.
In summary, EPDW convective coverage and/or intensity appear to be relatively
low compared to NDWs near their origin over Africa. As EPDWs move across the
Atlantic, Caribbean, and into the East Pacific region, convective coverage and/or
intensity gradually become significantly greater than that of NDWs. The pronounced
increase in convection over the Caribbean and East Pacific may be related to barotropic
instability found over these regions (Molinari et al. 1997). It is possible that this
instability over the Caribbean and East Pacific could help amplify easterly waves,
perhaps helping to spawn more convection within the waves over these regions. In
addition, the Caribbean region may be associated with an enhancement of convection due
to the large landmasses in that region (cf. Figure 2.1). Note that both EPDWs and NDWs
are subject to the effects of land and its associated diurnal cycle of convection over the
Caribbean region. Thus, any differences observed between these two wave types in
terms of characteristics of convection should not be due to land/ocean differences.
In contrast to EADWs and WACDWs where the coverage by IR thresholds was
clearly the one variable that could provide the best discrimination between these waves
and NDWs, several variables could potentially be used to separate EPDWs from NDWs
over the East Pacific, including IR thresholds, lightning flash rates, and low-level PR
convective reflectivity values. Thus, indicators for both the intensity and coverage of
convection over the East Pacific may be important for tropical cyclogenesis and
distinguishing DWs from NDWs over this region.
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4.2 Large-scale Variables
It is well-known that tropical cyclogenesis is favored in large-scale environments
characterized by enhanced low-level vorticity, low-level convergence, upper-level
divergence, and high moisture (e.g., Gray 1968; McBride and Zehr 1981; Hopsch et al.
2010; Agudelo et al. 2011). Thus, it is not surprising that a comparison of developing
and non-developing cloud clusters (e.g., McBride and Zehr 1981), vorticity maxima (e.g.,
Kerns and Zipser 2009), and easterly waves (e.g., Hopsch et al. 2010; LP10) suggest that
developing systems are associated with the aforementioned favorable conditions for
tropical cyclogenesis. However, previous studies have generally examined tropical
weather systems near one point (e.g., McBride and Zehr 1981) or by creating composites
valid over large regions including developing systems close to their genesis region and
while they are still relatively far away from that region (e.g., Kerns and Zipser 2009).
Hence, this subsection expands upon previous studies by examining differences between
DWs and NDWs in terms of wave structure/circulation over the regions in which DWs
spawn cyclones and longitude bands farther east separately. Significant differences
between DWs and NDWs a long distance prior to genesis may have important
implications for improving the accuracy and lead time of tropical cyclogenesis forecasts.
Figure 4.4 shows the differences between EADWs and NDWs in terms of vertical
profiles of divergence over Africa and the East Atlantic longitude bands. Over Africa, all
EADW phases are associated with significantly greater divergence between 150 hPa and
250 hPa. Below 850 hPa, the EADW trough and northerly phases are associated with
significantly more convergence. Over the East Atlantic, divergence at ~200 hPa is
significantly greater for EADWs relative to NDWs in only the northerly and trough
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Figure 4.4 Divergence differences between East Atlantic developing waves (EADWs)
and non-developing waves (NDWs; i.e., EADW minus NDW values) as a function of
pressure and wave phase valid over a) Africa and b) the East Atlantic. The dashed
horizontal lines depict the value of ± half the standard deviation at each pressure level.

phases. Note that the EADW northerly and trough phases are also the only phases with
significantly greater cold cloudiness coverage (Table 4.3) than the corresponding NDW
phases over the East Atlantic. At low levels over the East Atlantic, Figure 4.4 shows that
EADWs are associated with significantly greater convergence below 850 hPa in the
northerly phase, below 925 hPa in the trough, and at 1000 hPa in the southerly phase
relative to NDWs.
Consistent with mass conservation considerations, the enhanced low-level (upperlevel) convergence (divergence) associated with EADWs relative to NDWs should be
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associated with greater upward vertical motion through a deep layer. The vertical
profiles showing the differences in omega between EADWs and NDWs (Figure 4.5),
indeed, show significantly greater upward motion at every level in each EADW wave
phase over Africa, except in the 700–850 hPa layer of the southerly phase. Over the East
Atlantic, the EADW northerly and trough phases are associated with greater upward
motion than the corresponding NDW phases below 200 hPa, and upward motion in the
southerly phase is greater for EADWs below 700 hPa. However, vertical motion
differences over the East Atlantic are less often statistically significant than over Africa.

Figure 4.5 Pressure vertical velocity (omega) differences between East Atlantic
developing waves (EADWs) and non-developing wave (NDWs; i.e., EADW minus
NDW values) as a function of pressure and wave phase valid over a) Africa and b) the
East Atlantic. The dashed horizontal lines depict -1.0 * standard deviation at each
pressure level.
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In particular, upward motion is significantly greater for EADWs in the 250–925 hPa layer
in the northerly phase and in the 850–925 hPa layer in the trough and southerly phases
(upward motion between 250 hPa and 400 hPa in the EADW trough is significantly
greater than the corresponding NDW values valid at the 95% level) over the East
Atlantic. Thus, larger-scale conditions in EADWs in terms of divergence and vertical
motion are more favorable for tropical cyclogenesis than the conditions of NDWs not
only over the East Atlantic where EADWs develop tropical cyclones, but also farther east
over Africa.
The thermodynamic structure of EADWs also suggests conditions that are
significantly more favorable for tropical cyclogenesis relative to conditions in NDWs
over both the East Atlantic and Africa. For example, Figure 4.6 shows the differences in
θe values between EADWs and NDWs over the East Atlantic and suggests that EADWs
are associated with significantly greater moisture in all phases and at all levels. The θe
difference profiles over Africa (not shown) also show significantly greater values for
EADWs at all levels and wave phases.
Figure 4.7 depicts the relative vorticity difference profiles between EADWs and
NDWs over both Africa and the East Atlantic. Over Africa, EADWs are associated with
significantly greater cyclonic vorticity at all levels in all phases, except at 1000 hPa in the
trough phase and below 850 hPa in the southerly phase. Enhanced cyclonic vorticity, in
particular at low levels, is important for tropical cyclogenesis (e.g., Gray 1968; Kerns and
Zipser 2009). Conditions of enhanced cyclonic vorticity for EADWs at mid to low levels
persist over the East Atlantic where differences between these waves and NDWs are
significant at every level below 400 hPa in the trough and southerly phases. In the
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Figure 4.6 Equivalent potential temperature (θe) differences between East Atlantic
developing waves (EADWs) and non-developing waves (NDWs; i.e., EADW minus
NDW values) as a function of pressure and wave phase valid over the East Atlantic. The
dashed horizontal lines depict the value of the standard deviation at each pressure level.

northerly phase, vorticity is significantly greater for EADWs only at mid levels
(~500 hPa). At upper levels, EADW vorticity decreases relative to NDWs as the waves
move from Africa to the East Atlantic. Specifically, above 250 hPa in the northerly and
trough phases, anticyclonic vorticity is significantly greater for EADWs compared to
NDWs over the East Atlantic. This development of stronger anticyclonic vorticity at
upper levels above relatively high cyclonic vorticity at lower levels over the East Atlantic
suggests the development of a warm core for EADWs in association with thermal wind
balance and consistent with tropical cyclogenesis. Note that the EADW trough phase
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Figure 4.7 Relative vorticity differences between East Atlantic developing waves
(EADWs) and non-developing waves (NDWs; i.e., EADW minus NDW values) as a
function of pressure and wave phase valid over a) Africa and b) the East Atlantic. The
dashed horizontal lines depict the value of ± half the standard deviation at each pressure
level.

(phase presumably most important for tropical cyclogenesis) is associated with the largest
upper-level (low-level) negative (positive) vorticity differences, suggesting the warm
core is most intense in that phase, as expected.
In general, the results seen here are consistent with those of LP10 (i.e., greater
200-hPa divergence, larger upward vertical motion through a deep layer, and more
moisture through a deep layer for DWs over both Africa and the East Atlantic).
However, LP10 found similar values of low-level (~925 hPa) convergence for DWs and
NDWs, in contrast to what was found here (Figure 4.4). This difference between the
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results of this study and LP10 may be related to how the DW composites were created for
each study. The EADW composite used here only included DWs which spawned a
cyclone over the East Atlantic. Hence, all waves included in this composite are near their
genesis region while over Africa and the East Atlantic. In contrast, the DW composite of
LP10 included waves which developed a cyclone anywhere in the Atlantic basin. Thus,
the LP10 DW composites over Africa and the East Atlantic included some waves that
were still a long distance from where they eventually developed storms.
West Atlantic – Caribbean developing waves are a long distance from where they
develop tropical cyclones while the waves are near their origin over Africa. Thus, they
may not be expected to be associated with conditions particularly favorable for
cyclogenesis over that region. Indeed, the divergence differences between WACDWs
and NDWs shown in Figure 4.8a valid over Africa suggest that WACDWs are associated
with less favorable divergence profiles for cyclogenesis than observed for EADWs
relative to NDWs over that same region (Figure 4.4a). However, 200-hPa divergence is
significantly greater for WACDWs relative to NDWs over Africa in the northerly and
southerly phases. In the trough phase, 200-hPa divergence is also greater for WACDWs,
but the difference is only significant at the 95% level. At 850 and 925 hPa, convergence
is significantly greater for WACDWs in the northerly phase. As WACDWs move over
the East Atlantic (Figure 4.8b), the upper-level divergence difference between those
waves and NDWs in the northerly (trough) phase is no longer statistically significant at
the 99% (95%) level, while divergence in the WACDW southerly phase becomes less
than that of NDWs (difference at 200 hPa is significant at the 95% level). Below
850 hPa over the East Atlantic, convergence is significantly greater for WACDWs in not
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Figure 4.8 Divergence differences between West Atlantic – Caribbean developing waves
(WACDWs) and non-developing waves (NDWs; i.e., WACDW minus NDW values) as a
function of pressure and wave phase valid over a) Africa, b) the East Atlantic, c) the West
Atlantic, and d) the Caribbean. The dashed horizontal lines depict the value of ± half the
standard deviation at each pressure level.
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only the northerly phase as over Africa, but the trough and southerly phases also. Thus,
over Africa, some WACDW phases at low and/or upper levels exhibit conditions
relatively more favorable for tropical cyclogenesis compared to NDWs in terms of
divergence. Over the East Atlantic, only conditions at lower levels are significantly more
conducive to cyclogenesis for WACDWs.
As expected, WACDWs develop favorable conditions for tropical cyclogenesis at
both low and upper levels in terms of divergence as they move over the region in which
they develop tropical cyclones (i.e., the West Atlantic [Figure 4.8c]). Specifically,
divergence is significantly greater for WACDWs ~200 hPa in all phases, and
convergence is significantly greater for WACDWs in all phases below 700 hPa, except in
the southerly phase at 925 hPa (WACDW southerly phase convergence at that level is
significantly greater than the corresponding NDW value valid at only the 95% level).
Over the Caribbean (Figure 4.8d), upper-level divergence remains significantly greater
for WACDWs in the trough and northerly phases. However, low-level convergence is
only significantly greater for WACDWs at 925 hPa in the northerly phase.
The vertical motion differences between WACDWs and NDWs (not shown)
indicate patterns that are consistent with those shown by the divergence difference
profiles. Over Africa, the WACDW northerly and southerly phases are associated with
significantly greater upward motion through a deep layer (i.e., 200–850 hPa and
150–600 hPa, respectively). Significantly greater upward motion is confined primarily to
the WACDW northerly phase over the East Atlantic. In contrast, over the West Atlantic,
upward motion is significantly greater in all WACDW phases between 150 hPa and
850 hPa. Finally, over the Caribbean, significantly greater upward motion occurs over
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large depths in only the trough (200–600 hPa) and northerly (150–850 hPa) WACDW
phases relative to the corresponding NDW values. Thus, patterns of WACDW
divergence and omega profiles become more conducive to tropical cyclogenesis relative
to NDWs as these wave approach their genesis regions, but favorable conditions exist in
some WACDW phases and levels as far east as the Africa longitude band.
The differences between WACDWs and NDWs in terms of θe are shown over
Africa and the West Atlantic in Figure 4.9. Below 500 hPa, positive differences are
larger over Africa, but over both regions, θe values are generally significantly greater for

Figure 4.9 Equivalent potential temperature (θe) differences between West Atlantic –
Caribbean developing waves (WACDWs) and non-developing waves (NDWs; i.e.,
WACDW minus NDW values) as a function of pressure and wave phase valid over a)
Africa and b) the West Atlantic. The dashed horizontal lines depict the value of the
standard deviation at each pressure level.
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WACDWs relative to NDWs in all phases at all levels. Similar patterns are observed
over the East Atlantic and Caribbean regions (i.e., significantly greater θe values for
WACDWs nearly throughout the depth of the troposphere in all wave phases; not
shown). Thus, the moisture values of WACDWs appear to be relatively favorable for
tropical cyclogenesis far from where these waves develop tropical cyclones over Africa
all the way to where they develop cyclones over the West Atlantic or Caribbean region.
The vertical profiles of relative vorticity differences between WACDWs and
NDWs over various longitude bands (Figure 4.10) show some differences from region to
region. Over Africa, WACDWs are associated with greater cyclonic vorticity values
throughout the depth of the troposphere in all phases with significantly greater values at
all levels above 925 hPa in the trough and northerly phases and between 400 hPa and
850 hPa in the southerly phase. Over the East Atlantic below 400 hPa, WACDW
vorticity is comparable to that of NDWs in the northerly phase and greater than the
corresponding NDW values in the trough and southerly phases, significantly so at all
levels below 500 hPa in both phases, except at 850 hPa in the trough. Above 400 hPa
over the East Atlantic, vorticity becomes less (often significantly so) for WACDWs. As
mentioned previously, the presence of relatively low (high) vorticity at upper (lower)
levels suggests the development of a warm core. The profiles of vorticity differences
over the West Atlantic suggest that this warm core structure persists in the WACDW
trough over that region. Specifically, low-level (~850 hPa) vorticity values are
significantly greater for WACDWs in the trough and northerly phases, while upper-level
(~200 hPa) values are significantly less for WACDWs in the trough and southerly phases.
Finally, over the Caribbean, WACDWs continue to be associated with significantly
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Figure 4.10 Relative vorticity differences between West Atlantic – Caribbean developing
waves (WACDWs) and non-developing waves (NDWs; i.e., WACDW minus NDW
values) as a function of pressure and wave phase valid over a) Africa, b) the East
Atlantic, c) the West Atlantic, and d) the Caribbean. The dashed horizontal lines depict
the value of ± half the standard deviation at each pressure level.
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greater low-level vorticity in the trough and northerly phases relative to the
corresponding NDW phases. At upper levels, vorticity again becomes greater for all
WACDW phases, except the southerly phase (differences are not significant, however).
In general, over all longitude bands, low-level vorticity is significantly greater for
WACDWs relative to NDWs, while at upper levels, WACDW vorticity is generally
significantly greater over Africa, significantly less over the East and West Atlantic, and
slightly greater over the Caribbean.
Kerns and Zipser (2009) examined the circulation and structure of developing and
non-developing vorticity maxima over the entire Atlantic basin and found developing
vorticity maxima to be associated with significantly greater 925-hPa relative vorticity,
greater 400–775 hPa averaged moisture, greater 200-hPa divergence, and greater 925-hPa
convergence relative to non-developing maxima. These results are generally consistent
with the results found here for a comparison between WACDWs and NDWs over each
separate longitude band. Noteworthy is that significant differences between WACDWs
and NDWs occur not only where WACDWs develop cyclones but also much farther east
over the East Atlantic and Africa. These differences farther east may help to identify
DWs earlier, helping to improve the accuracy of cyclogenesis forecasting with greater
lead times.
It is not surprising that the WACDW structure/circulation is generally more
favorable for tropical cyclogenesis relative to NDWs over the West Atlantic and
Caribbean where WACDWs develop cyclones. However, there are differences between
these regions. For example, low-level convergence is greater for all WACDW phases
relative to the corresponding NDW phases over the West Atlantic, while over the
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Caribbean, convergence is only greater in the WACDW northerly phase (Figure 4.8). In
addition, the patterns shown by the relative vorticity difference profiles (Figure 4.10)
suggest the development of a warm core in association with WACDWs over the West
Atlantic, consistent with tropical cyclogenesis, but little to no warm core for WACDWs
over the Caribbean. These differences between WACDWs over the West Atlantic and
Caribbean might be related to a relatively small sample size used for WACDWs over the
Caribbean (Table 4.2).
To be consistent with the comparison between EPDWs and NDWs in terms of
convective variables, the comparison between those two wave groups using large-scale
variables utilizes data valid for July–August only. Not surprisingly, divergence
difference profiles for this restricted time period valid over the East Atlantic and Africa
(not shown) while EPDWs are still a long distance from where they spawn tropical
cyclones reveal few significant differences between EPDWs and NDWs and no more
favorable conditions for cyclogenesis in either wave type. Similarly, over the West
Atlantic (Figure 4.11a), differences between the two wave types in terms of divergence
are quite small with few significant differences. However, EPDW values in the trough
~200 hPa are significantly greater than the corresponding NDW values at the 95% level.
As EPDWs move over the Caribbean region (Figure 4.11b), somewhat more favorable
conditions for genesis begin to develop for EPDWs. Specifically, significantly greater
convergence develops in the EPDW southerly phase below 850 hPa, and divergence near
200 hPa becomes significantly greater in the EPDW trough and southerly phases.
Finally, as expected, patterns of divergence in EPDWs become even more favorable for
genesis over the East Pacific (Figure 4.11c) with significantly greater low-level
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Figure 4.11 Divergence differences between East Pacific developing waves (EPDWs)
and non-developing waves (NDWs; i.e., EPDW minus NDW values) as a function of
pressure and wave phase valid over a) the West Atlantic, b) the Caribbean, and c) the
East Pacific valid for July–August only. The dashed horizontal lines depict the value of
± half the standard deviation at each pressure level.
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(~850 hPa) convergence and upper-level (~200 hPa) divergence in all EPDW wave
phases relative to the corresponding NDW values. Thus, in terms of divergence, EPDWs
and NDWs may be able to be distinguished from one another over the East Pacific and
Caribbean, but not any farther east.
A comparison between EPDWs and NDWs in terms of vertical profiles of θe over
Africa (not shown) suggests that EPDWs are associated with significantly less moisture
than NDWs over this region at several levels in all wave phases. Over the East Atlantic
(Figure 4.12a) and West Atlantic (Figure 4.12b), θe values become comparable between
the two wave types with few statistically significant differences. Despite being adjacent
to the region over which EPDWs develop tropical cyclones, the θe differences over the
Caribbean (Figure 4.12c) show significantly smaller values for EPDWs below 700 hPa in
the trough and northerly phases and below 850 hPa in the southerly phase (relatively low
θe values at low levels may inhibit tropical cyclogenesis [e.g., Rotunno and Emanuel
1987]). The EPDW southerly phase does exhibit greater midlevel moisture, though, with
a significantly greater value at 400 hPa relative to the corresponding NDW value over the
Caribbean. Over the East Pacific (Figure 4.12d), the patterns of moisture are more
conducive to cyclogenesis with significantly greater EPDW θe values relative to the
corresponding NDW values in the trough and southerly phase at 400 hPa, the trough
phase at 300 hPa, and in all phases below 700 hPa.
Over Africa, the East Atlantic, and West Atlantic, differences between EPDWs
and NDWs in terms of vertical profiles of relative vorticity (not shown) are generally
small with few statistically significant differences. In contrast, vorticity differences over
the Caribbean (Figure 4.13a) show that vorticity is generally greater for EPDWs,
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Figure 4.12 Equivalent potential temperature (θe) differences between East Pacific
developing waves (EPDWs) and non-developing waves (NDWs; i.e., EPDW minus
NDW values) as a function of pressure and wave phase valid over a) the East Atlantic b)
the West Atlantic, c) the Caribbean, and d) the East Pacific valid for July–August only.
The dashed horizontal lines depict the value of the standard deviation at each pressure
level.
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Figure 4.13 Relative vorticity differences between East Pacific developing waves
(EPDWs) and non-developing waves (NDWs; i.e., EPDW minus NDW values) as a
function of pressure and wave phase valid over a) the Caribbean and b) the East Pacific
valid for July–August only. The dashed horizontal lines depict the value of ± one quarter
of the standard deviation at each pressure level.

significantly so at several levels in various phases. Specifically, vorticity is significantly
greater around 500 hPa in the EPDW northerly phase, throughout the 150−600 hPa layer
in the EPDW trough, and at every level below 250 hPa in the EPDW southerly phase,
except at 700 hPa, relative to the corresponding NDW values. Over the East Pacific
(Figure 4.13b), some vorticity values are greater for EPDWs while others are greater for
NDWs with few statistically significant differences between the two wave types. Only
values between 400 hPa and 500 hPa and between 850 hPa and 925 hPa in the southerly
phase are significantly greater for EPDWs. In general, over all longitude bands, relative
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vorticity does not appear to provide a very clear distinction between EPDWs and NDWs.
This may be a result of using only data from July and August and the resulting smaller
sample size.
In summary, relative to NDWs, EADWs appear to generally be associated with
significantly greater low-level (~925 hPa) convergence, upper-level (~200 hPa)
divergence, upward vertical motion over a deep layer between the low-level convergence
and upper-level divergence, and moisture throughout the depth of the troposphere over
not only the East Atlantic, but also over Africa. In addition, over the East Atlantic,
EADWs are associated with significantly greater low-level (upper-level) cyclonic
(anticyclonic) vorticity. Similarly, in various phases over each longitude band from
Africa to the Caribbean, WACDWs are associated with greater low-level (upper-level)
convergence (divergence), upward motion, moisture, and low-level vorticity compared to
the corresponding NDW values. Thus, certain characteristics of large-scale easterly
waves may be used to help distinguish those waves that develop cyclones over the
Atlantic basin from those that don't well ahead (east) of when the DWs spawn cyclones.
In contrast, significant differences between EPDWs and NDWs generally don't develop
until the waves move over the East Pacific. Thus, low-level convergence, upper-level
divergence, and low-level moisture may help distinguish EPDWs from NDWs only after
EPDWs are near their genesis location.
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CHAPTER V

LAGRANGIAN COMPOSITES

To analyze the evolution of easterly wave convective characteristics and the
structure/circulation of the larger-scale waves in the days leading up to and including
tropical cyclogenesis or maximum low-level vorticity, DW and NDW composites as a
function of wave phase and day relative to D0 are presented in this chapter. The
composites using convective and larger-scale variables are presented first, followed by a
conceptual model summarizing the results of the Lagrangian composites.

5.1 Composite Analysis
The DW (225 distinct easterly waves) and NDW (180 distinct easterly waves)
composites incorporate waves that developed a tropical cyclone and/or achieved
maximum 850-hPa vorticity anywhere in the full 130°W–20°E analysis domain,
including near the West African coast and the west coast of Central America. Hence, the
evolution of some easterly waves used in the composites from D-5 to D0 includes a
transition from over land to ocean. Because convective intensity and lightning generally
decrease over the ocean compared to land (e.g., Zipser 1994; Toracinta et al. 2002;
Christian et al. 2003), it is likely that a decrease in the intensity of convection may be
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observed for waves as they evolve from D-5 to D0 unrelated to the evolution towards
cyclogenesis or maximum low-level vorticity. Therefore, a land mask was applied to the
DW and NDW composites. Table 5.1 provides the number of individual data points used
for the Lagrangian composites of these two wave categories after application of the land
mask.
The composite coverage by certain IR brightness temperature thresholds is shown
in Table 5.2 for DWs and NDWs (as a function of wave phase and day relative to D0).
Statistically significant two-day changes in coverage are also identified in Table 5.2.
Two-day changes allow for gradual changes to become more clearly established and
reduce the influence of short-term variability. The values in Table 5.2 for DWs indicate

Table 5.1 The number of data points used for developing wave and non-developing wave
Lagrangian composites (after application of a land mask) as a function of wave phase and
day relative to D0.

Day
D-5
D-4
D-3
D-2
D-1
D0
D+1

Day
D-5
D-4
D-3
D-2
D-1
D0
D+1

Developing Waves
Northerly Trough
352
370
385
367
391
403
410
435
426
413
399
342
352
287

Southerly
311
347
360
397
429
417
408

Non-developing Waves
Northerly Trough Southerly
214
228
192
226
218
207
260
270
224
312
286
234
351
312
321
425
288
401
344
374
357
92

Table 5.2 The fractional coverage by IR brightness temperatures ≤ 240 K and ≤ 210 K as
a function of wave phase and day relative to D0 for developing waves (DWs) and nondeveloping waves (NDWs; a land mask has been applied to both wave types). The bold
numbers indicate DW values that are statistically significantly (at the 99% level) greater
than the corresponding NDW values. Italics indicate values that are significantly greater
than the value from the same wave type and phase but from two days prior.
240 K
Day
D-5
D-4
D-3
D-2
D-1
D0
D+1

Developing Waves
Northerly Trough Southerly
0.090
0.100
0.112
0.112
0.107
0.122
0.124
0.121
0.118
0.137
0.146
0.143
0.132
0.152
0.170
0.114
0.171
0.177
0.100
0.163
0.161

Day
D-5
D-4
D-3
D-2
D-1
D0
D+1

Developing Waves
Northerly Trough Southerly
0.011
0.011
0.014
0.015
0.013
0.017
0.017
0.017
0.015
0.019
0.021
0.020
0.019
0.022
0.025
0.016
0.029
0.031
0.014
0.030
0.028

Non-developing Waves
Northerly Trough Southerly
0.054
0.076
0.096
0.066
0.067
0.103
0.075
0.070
0.084
0.094
0.093
0.098
0.107
0.105
0.125
0.117
0.139
0.123
0.082
0.113
0.108
210 K
Non-developing Waves
Northerly Trough Southerly
0.007
0.008
0.009
0.008
0.007
0.011
0.009
0.008
0.008
0.013
0.009
0.013
0.014
0.020
0.014
0.017
0.021
0.017
0.009
0.014
0.014

that the trends in coverage by cold cloudiness vary as a function of phase in the days
leading up to tropical cyclogenesis. For example, the coverage by temperatures ≤ 240 K
significantly increases from D-5 until D-2 in the northerly phase and then decreases
thereafter. In contrast, the coverage of the 240 K threshold significantly increases from
D-5 through D0 in the trough and southerly phases (note that coverage decreases on D+1
in these wave phases). The trends shown by the coverage of the 210 K threshold indicate
an initial increase by coverage in the northerly phase up to D-2 followed by a decrease.
The coverage by deep, cold cloud tops (i.e., temperatures ≤ 210 K) more than doubles
93

between D-5 and D0 in both the trough and southerly phases. In summary, cold
cloudiness increases in the northerly, trough, and southerly phases a few days before
genesis and continues to increase through genesis in the trough and southerly phases.
The values for NDWs in Table 5.2 suggest an evolution in the coverage by cold
cloudiness that is similar to that of DWs. In particular, all phases show a general
increasing trend across all days except D+1. While the evolution of coverage by cold
cloud tops is similar between DWs and NDWs, the magnitudes of values are statistically
significantly greater for DWs on nearly all days in all phases. Hence, it appears that a
greater coverage by cold cloudiness is more relevant to tropical cyclogenesis than the
evolution of that coverage in the days leading up to genesis.
The pattern observed in the evolution of convective coverage for DWs
(Figure 5.1a) is somewhat similar to that observed for the IR threshold coverage
associated with those waves. Only the trough and southerly phases have much increase
in convective coverage from D-5 to D0, but the two-day changes are not significant,
except for the increase from D-3 to D-1 in the southerly phase. The coverage by IR
brightness temperatures less than certain thresholds shown in Table 5.2 includes not only
cold cloudiness directly over active convection but also the divergent anvil cloud. In
contrast, the percentage convective coverage shown in Figure 5.1 includes only the
coverage by active convection as indicated by the PR convective-stratiform algorithm.
Thus, the faster increase in the coverage by cold cloudiness (Table 5.2) than the coverage
by convection (Figure 5.1) as D0 is approached in the DW trough and southerly phases
suggests that the anvil cloud is expanding faster than convection. This relatively rapid
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Figure 5.1 Percentage convective coverage as a function of day relative to D0 for various
wave phases of a) developing waves and b) non-developing waves after application of a
land mask. The thin, horizontal line indicates the average convective coverage over the
full analysis domain, and the standard deviation is 1.78%.
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increase in coverage by cold cloudiness may suggest an increase in larger-scale, upperlevel divergence in the trough and southerly phases (cf. Figure 5.6).
The evolution of convective coverage for NDWs (Figure 5.1b) generally does not
show any consistent trends or significant two-day changes. In addition, a comparison
between the two plots shown in Figure 5.1 indicates that convective coverage is generally
greater for DWs, but that the differences are not significant, except for the southerly
phase values near D0.
In contrast to what is observed for the coverage by convection/cold cloudiness
(especially in the trough and southerly phases), the intensity of DW convection as
indicated by trends in lightning (Figure 5.2a) generally appears to decrease as D0 is
approached. Specifically, both the trough and northerly phases show a decrease in flash
rate every day after D-4, except the trough phase on D0. The DW southerly phase shows
a decrease in flash rate from D-5 to D-2, an increase from D-2 to D0, and a relatively
large decrease on D+1. However, the DW southerly phase flash rate on D+1 is less than
that on D-5, suggesting an overall decrease in the intensity of convection with time for
that wave phase. Note that trends observed in any of the DW phases are small compared
to the standard deviation of the flash rate of 1133.3 flashes day-1 (0.5°)-2 but generally
larger than the 25th and 75th percentile values of 0.0 and 2.5 flashes day-1 (0.5°)-2,
respectively. The flash rates shown in Figure 5.2 are valid over only water, but lightning
flash rates are generally higher over water near the coast than over ocean farther from
land (cf. Figure 4 from Christian et al. 2003). To account for this effect, we applied a
land mask prior to creating the lightning composites in which all data points classified as
water within one data point (2.5°) of land were reclassified as land and excluded from the
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Figure 5.2 Composite lightning flash rates as a function of day relative to D0 for various
wave phases of a) developing waves and b) non-developing waves after application of a
land mask. The thin, horizontal line indicates the average flash rate over the full analysis
domain, and the standard deviation is 1133.3 flashes day-1 (0.5°)-2.
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composites, and another mask was used where points classified as water within two data
points (5.0°) of land were excluded. Results from both adjusted land masks (not shown)
reveal similar decreasing trends in flash rate as D0 is approached. Therefore, the
decrease in flash rate in all DW phases is not due to the propagation of waves from over
land to water or from near the coast to open water.
The LIS flash rates of NDWs (Figure 5.2b) show little indication of any consistent
trends from D-5 through D0. However, D0 and D+1 values in the NDW northerly and
trough phases (southerly phase) are greater than the D-5 (D-3) value of those same wave
phases, suggesting an increase in the intensity of convection for NDWs with time. It is
also possible that more flashes are recorded due to the greater coverage by potentially
electrically-active cloud, while the flash rate (i.e., intensity) of individual convective
elements does not change. This contrasts with DWs which show a decrease in lightning
with time despite an increase in coverage of cold cloudiness. An examination of the
distribution of TRMM observations (including LIS) as a function of time of day (not
shown) indicates that waves were sampled nearly uniformly over the diurnal cycle,
including the NDW southerly phase on D-4. Hence, it is not clear why the flash rate on
D-4 in the NDW southerly phase is so large (i.e., 907.4 flashes day-1 [0.5°]-2). Perhaps
the LIS happened to sample this wave phase on D-4 preferentially when convection was
especially electrically active.
A comparison between the two panels of Figure 5.2 shows that over most days,
the difference in lightning flash rates between DWs and NDWs is small with some values
greater for DWs and others greater for NDWs. However, closer to D0, flash rates
generally become greater for NDWs. In fact, the flash rate in the NDW trough on D-1 is
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significantly greater than the corresponding DW value. While the NDW southerly phase
flash rate on D+1 is not significantly greater than the corresponding DW value at the 99%
level, it is significantly greater at the 95% level.
Figure 5.3 shows the evolution of composite PCTs for DW and NDW phases
which generally suggest trends in convective intensity consistent with those inferred from
the evolution of lightning flash rates. Both the PCT37 and PCT85 for DWs display much
variability from day to day, but the overall trend for all phases at both frequencies from
D-5 to D+1 is positive (i.e., a weaker ice scattering signature with time). These positive
PCT trends suggest a negative trend in the amount and/or size of graupel produced and
supported by convective updrafts and an associated decrease in the intensity of
convection as the waves evolve toward cyclogenesis. Non-developing waves also show
much variability in PCTs at both frequencies with little evidence of consistent trends,
especially for PCT37 values. However, the PCT85 values do show a decrease in
magnitude from D-5 until D0 and D+1 in all phases. Overall, the NDW PCTs suggest an
intensity of convection that changes little with time. A comparison between DW and
NDW PCTs shows that differences between the two wave types are generally small
(i.e., not statistically significant at the 99% level). However, on D0, PCT85 and PCT37
values are significantly greater (i.e., weaker convection) in all DW phases. The PCT85
values of DWs are also significantly greater than NDW values in the trough and southerly
phases on D-1. Thus, both the Eulerian analysis presented in Chapter IV and the
Lagrangian analysis presented here reveal few statistically significant differences
between DWs and NDWs using mean cold PCT85 and PCT37 (i.e., PCT85 ≤ 200 K and
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Figure 5.3 Composite a) 37.0-GHz polarization corrected temperature (PCT37) for
developing waves (DWs), b) 85.5-GHz polarization corrected temperature (PCT85) for
DWs, c) PCT37 for non-developing waves (NDWs), and d) PCT85 for NDWs as a
function of wave phase and day relative to D0 (a land mask has been applied). Only
PCT37 ≤ 260 K and PCT85 ≤ 200 K were used for the composites. The thin, horizontal
line in a, c (b, d) indicates the average PCT37 (PCT85) over the full analysis domain, and
the standard deviation is 4.2 K (9.2 K).
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PCT37 ≤ 260 K). However, the analysis presented here does suggest a significantly
weaker ice scattering signature for DWs on the day of genesis.
Another indicator of convective intensity is mean profiles of PR convective
reflectivity shown as a function of wave phase and day relative to D0 for DWs and
NDWs in Figure 5.4. Developing wave profiles change little with time, while NDWs
show a small but noticeable increase in reflectivity from D-5 to D0 between ~2.5 km and
~6.5 km in all phases. These differences for NDWs between D-5 and D0 are actually
significant at the 99% level near 4.5 km in all phases. This increase in NDW reflectivity
with time suggests an increase in the intensity of updrafts and convection with time in
order to support and produce the larger reflectivity values. A comparison between DW
and NDW reflectivity values indicates that values in all phases are significantly greater
for DWs in the ~2.5–4.5 km layer on D-5 and D-3. After D-3, differences between the
two wave categories are generally not significant, though some phases at scattered
heights show significantly smaller values for DWs (e.g., 6.5-km trough value on D-1).
Thus, no discernible trends in convective intensity can be inferred for DWs from mean
PR convective reflectivity profiles, in contrast to lightning flash rates (Figure 5.2) and
PCTs (Figure 5.3) which suggest a decrease in convective intensity with time. The PR
convective reflectivity profiles for NDWs suggest a slight increase in convective intensity
with time, consistent with lightning and PCT information. Overall, differences in
convective reflectivity between DWs and NDWs are generally small. Vertical profiles of
the 90th percentile of reflectivity values (not shown) were also examined to better
understand the evolution of the largest reflectivity values. In general, the evolution of
these profiles is similar to that of the mean profiles.
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Figure 5.4 Composite analysis of vertical profiles of Precipitation Radar convective
reflectivity (using only values classified as convective) as a function of day relative to D0
for the a) developing wave (DW) northerly, b) non-developing wave (NDW) northerly, c)
DW trough, d) NDW trough, e) DW southerly, and f) NDW southerly phases (a land
mask has been applied). The D-4 and D-2 profiles are not shown for clarity, and the
horizontal dashed lines show the value of 18 dBZ + one standard deviation at each height.
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Various Lagrangian composites were also created for waves that spawned tropical
cyclones or achieved maximum low-level vorticity over the separate longitude bands
identified in Figure 2.1. In general, patterns of convective coverage/intensity observed
for these waves over the smaller longitude bands were similar to those shown for waves
over the full analysis domain. But, the evolution of mean convective reflectivity profiles
valid for waves that developed a tropical depression over the West Atlantic (i.e., 40°–
70°W; not shown) and over the western Caribbean (between the east coast of Central
America and 70°W [Caribbean DWs]; Figure 5.5) is different from that observed for
DWs over the full analysis domain (Figure 5.4a,c,e). In particular, the Caribbean DW
trough and southerly phases are associated with clear increases in reflectivity from D-5 to
D0 below 6.5 km (increase in the 2.5–5.5 km layer of both phases is significant at the
99% level), while virtually no change is seen for DWs valid over the full domain in any
wave phase. Thus, the intensity of convection appears to increase as D0 is approached
for Caribbean DWs, at least in some wave phases, while the intensity of DWs over the
full domain appears to remain approximately constant with time in all phases as indicated
by reflectivity information. This suggests that convective intensity may be relatively
more important for tropical cyclogenesis over certain regions.
Despite a decrease in intensity with time (as indicated by lightning flash rates and
PCTs), the increasing coverage of convection and cold cloudiness in the DW trough and
southerly phases valid over the full domain may influence the larger-scale easterly wave
as a result of a larger net latent heating. This heating may cause the heights of pressure
surfaces below (above) the heating to decrease (increase). The resulting adjustments of
the momentum field may then lead to convergence (divergence) below (above) the
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Figure 5.5 Composite analysis of vertical profiles of Precipitation Radar convective
reflectivity (using only values classified as convective) as a function of day relative to D0
for the a) northerly, b) trough, and c) southerly phases of Caribbean developing waves
(CDWs; a land mask has been applied). The D-4 and D-2 profiles are not shown for
clarity, and the horizontal dashed lines show the value of 18 dBZ + one standard
deviation at each height.
104

heating. Figure 5.6 shows vertical profiles of divergence for various DW and NDW
phases as a function of day relative to D0. None of the DW wave phases show much
change in low-level (below 850 hPa) convergence, and the northerly phase shows
virtually no change in upper-level (~200 hPa) divergence from D-5 to D0. However, the
DW trough and southerly phases (phases that exhibit an increase in coverage of cold
cloudiness and convection) are associated with increases in upper-level divergence as
genesis is approached. The increase is relatively small in the trough phase (increase of
~1.5 X 10-6 s-1 from D-5 to D0), but divergence in the southerly phase doubles from D-5
to D0.
The evolution shown by NDW profiles of divergence (Figure 5.6b,d,f) is
somewhat different than that observed for DWs. In particular, low-level convergence
increases in all NDW phases from D-5 to D0. At earlier days, NDW convergence is less
than the corresponding, nearly constant DW values, but by D-1, the composite low-level
convergence is similar between DWs and NDWs. In addition, upper-level divergence in
all NDW phases increases with time (perhaps related to the increase in cold cloudiness
coverage observed in all those wave phases [Table 5.2]), whereas this behavior is only
seen in the DW trough and southerly phases. A comparison between DW and NDW
values in Figure 5.6 also shows that upper-level divergence in the DW trough and
southerly phases is generally larger than the corresponding NDW values (many values
are significantly larger).
A difference between the evolution of DWs valid over the full analysis domain
and that of DWs over smaller longitude bands can be seen for the evolution of divergence
profiles. The vertical profiles of divergence for Caribbean DWs (Figure 5.7) shows an
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Figure 5.6 Composite analysis of vertical profiles of divergence as a function of day
relative to D0 for the a) developing wave (DW) northerly, b) non-developing wave
(NDW) northerly, c) DW trough, d) NDW trough, e) DW southerly, and f) NDW
southerly phases (a land mask has been applied). The D-4 and D-2 profiles are not
shown for clarity, and the horizontal dashed lines indicate ± one standard deviation at
each pressure level.
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Figure 5.7 Composite analysis of vertical profiles of divergence as a function of day
relative to D0 for the a) northerly, b) trough, and c) southerly phases of Caribbean
developing waves (CDWs; a land mask has been applied). The D-4 and D-2 profiles are
not shown for clarity, and the horizontal dashed lines indicate ± one standard deviation at
each pressure level.
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increase in convergence below 850 hPa for all phases between D-5 and D0, in contrast to
DWs over the full domain (Figure 5.6a,c,e) which displayed virtually no change in lowlevel convergence in any wave phase. It is possible that the increase in convective
intensity inferred for Caribbean DWs as they evolve toward cyclogenesis is associated
with an increase in the depth and magnitude of latent heating. This increase in heating
may exert a larger influence on low-level mass and momentum fields, resulting in
stronger Caribbean DW low-level convergence on scales that can be resolved by the
NCEP-NCAR reanalysis dataset. This large-scale convergence may aid the merger of
any convective-scale cyclonic vorticity anomalies created by the updrafts of intense
convection, aiding the increase of larger-scale, low-level vorticity (e.g., Hendricks et al.
2004; Montgomery et al. 2006; Fang and Zhang 2011) and tropical cyclogenesis.
Upper-level divergence should be associated with greater upward motion below
the divergence due to mass conservation. The vertical profiles of omega shown for DWs
valid over the full domain in Figure 5.8a,c,e, indeed, show an increase in upward vertical
motion with time below ~200 hPa (with a maximum increase ~300–400 hPa) in the
trough and southerly phases, consistent with the increase in upper-level divergence in
those wave phases. The vertical profiles of omega for NDWs in Figure 5.8b,d,f also
show an increase in upward vertical motion with time throughout a large depth of the
troposphere in all phases, consistent with the increase in upper-level (low-level)
divergence (convergence) observed for those waves. The upward motion is generally
significantly greater in the DW trough and southerly phases through a large depth of the
troposphere compared to the corresponding NDW values, except in the trough on D0.
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Figure 5.8 Composite analysis of vertical profiles of pressure vertical velocity (omega) as
a function of day relative to D0 for the a) developing wave (DW) northerly, b) nondeveloping wave (NDW) northerly, c) DW trough, d) NDW trough, e) DW southerly,
and f) NDW southerly phases (a land mask has been applied). The D-4 and D-2 profiles
are not shown for clarity, and the horizontal dashed lines indicate -1.0 * one standard
deviation at each pressure level.
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Another potential feedback of convection to the larger scale that could aid
cyclogenesis may be the moistening of mid and upper levels (e.g., Rotunno and Emanuel
1987; Nolan 2007; Dunkerton et al. 2009), leading to an increase in θe. The evolution of
θe anomaly profiles shown in Figure 5.9 for DWs and NDWs indicates an increase in all
DW phases throughout the depth of the troposphere from D-5 to D+1, but the increases
are generally more pronounced in those wave phases that show a consistent positive trend
in the coverage by cold cloudiness/convection (i.e., trough and southerly phases). In
contrast, the corresponding NDW θe anomaly profiles generally indicate either little
change with time or no consistent trends from D-5 to D+1. In addition, a comparison
between corresponding DW and NDW profiles reveals that DWs are often associated
with significantly more moisture than NDWs, especially after D-5, consistent with what
Hopsch et al. (2010) found for easterly waves near the West African coast.
The evolution of profiles of relative vorticity valid for DWs and NDWs is shown
in Figure 5.10 as a function of wave phase. The DW northerly and southerly phases
show little to no change with time in vorticity below 600 hPa. But, the trough (phase
where cyclogenesis is assumed to occur) does show an increase in cyclonic vorticity at
midlevels (~500–600 hPa) after D-3 and at low levels (below 850 hPa) after D-1
(although, these increases are admittedly small). Hence, it appears that midlevel vorticity
in the trough increases before that at low levels, consistent with the numerical simulations
of Nolan (2007). It is not possible to determine from Figure 5.10c whether the initial
increase at mid levels subsequently develops downward (i.e., top-down genesis
mechanism). Because the top-down and bottom-up genesis mechanisms generally occur
on meso and smaller scales, the resolution of the reanalysis used is unable to robustly
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Figure 5.9 Composite analysis of vertical profiles of the θe anomaly (anomaly relative to
the mean at each pressure level and longitude) as a function of day relative to D0 for the
a) developing wave (DW) northerly, b) non-developing wave (NDW) northerly, c) DW
trough, d) NDW trough, e) DW southerly, and f) NDW southerly phases (a land mask has
been applied). The D-4 and D-2 profiles are not shown for clarity, and the horizontal
dashed lines indicate the value of the standard deviation at each pressure level.
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Figure 5.10 Composite analysis of vertical profiles of relative vorticity as a function of
day relative to D0 for the a) developing wave (DW) northerly, b) non-developing wave
(NDW) northerly, c) DW trough, d) NDW trough, e) DW southerly, and f) NDW
southerly phases (a land mask has been applied). The D-4 and D-2 profiles are not
shown for clarity, and the horizontal dashed lines indicate ± one standard deviation at
each pressure level.
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resolve these mechanisms. At upper levels (~200 hPa), the DW trough phase exhibits an
increase in anticyclonic vorticity with time. As mentioned previously, this upper-level
increase combined with the increase in mid- and low-level cyclonic vorticity suggests the
presence of a warm core, consistent with tropical cyclogenesis. Hopsch et al. (2010) also
found that a warm core structure develops in association with DWs over Africa as they
move towards the East Atlantic, closer to tropical cyclogenesis.
The evolution of NDW vorticity profiles shown in Figure 5.10 indicates that all
NDW phases, except the trough, are generally associated with little change with time
and/or no consistent trends. In contrast, the NDW trough phase shows an increase in
vorticity below 400 hPa on D-1 and D0 followed by a decrease on D+1. Mid- to lowlevel vorticity continued to increase slightly on D+1 for DWs (Figure 5.10c). The peak
850-hPa vorticity in the NDW trough on D0, of course, is due to how D0 is defined for
NDWs. The NDW trough also exhibits an increase in upper-level anticyclonic vorticity
until D-1 that remains approximately constant thereafter. However, a comparison
between Figure 5.10c and Figure 5.10d shows that upper-level anticyclonic vorticity is
larger on all days for the DW trough.
In summary, the coverage by cold cloudiness/convection increases, while
convective intensity appears to decrease as genesis (i.e., D0) is approached for DWs. The
coverage by cold cloudiness also increases with time for NDWs, but values are generally
larger for DWs. The convective intensity of NDWs appears to increase slightly or remain
approximately constant with time. However, an increase in the intensity of convection
and 850-hPa vorticity (as observed for NDWs on D0) is apparently not sufficient for
cyclogenesis. Perhaps the development of favorable upper-level conditions (i.e.,
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increased upper-level divergence, anticyclonic vorticity and upward motion) and greater
moisture throughout a large depth of the troposphere in association with greater coverage
by convection and cold cloudiness as seen for DWs (especially in the trough) are more
important for cyclogenesis.

5.2 Conceptual Model
The above analysis can be synthesized into a conceptual model describing the
evolution of convection, cold cloudiness, and large-scale easterly waves in the days
leading up to tropical cyclogenesis. From D-5 up to cyclogenesis, the coverage by
convection and cold cloudiness increases (as shown in the transition from part a to part b
of the schematic depicted in Figure 5.11) in the trough and southerly phases, helping to
moisten the larger scale environment throughout a large depth of the troposphere
(Figure 5.9c,e). This increase in moisture is consistent with what Nolan (2007) found
prior to tropical cyclogenesis and may help to inhibit strong, evaporatively-cooled
downdrafts (Rotunno and Emanuel 1987), allowing for more persistent convection.
Arnault and Roux (2011) found that a necessary condition for cyclogenesis near the West
African coast was deep, sustained convection in the easterly wave trough. Persistent cold
cloudiness and convection may then allow sufficient time for the development of a
mesoscale convective vortex at midlevels (Figure 5.11b) and an associated increase in
midlevel vorticity (as observed in the trough phase in Figure 5.10c). The increase in
vorticity and associated increase in inertial stability may help to concentrate latent
heating (i.e., limit its transport away from the developing circulation and tropical
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Figure 5.11 Conceptual model showing the evolution of convection, cold cloudiness, and
the larger-scale circulation of a developing tropical easterly wave from five days prior to
the formation of a tropical depression (D-5) until the day on which a depression first
develops (D0). Part a shows the relatively small coverage of convection/cold cloudiness
and associated small volume of latent heating (LH) present on D-5 in all wave phases.
As D0 is approached (part b), the coverage by convection/cold cloud tops increases in the
trough and southerly phases (perhaps associated with the development of a midlevel
mesoscale convective vortex). The associated increase in the volume of LH results in the
adjustment of pressure surfaces above and below the heating. This adjustment of
pressure surfaces leads to upper- (lower-) level divergence (convergence) on the meso to
synoptic scale. Finally, part c shows that the upper-level divergence (and the smaller
low-level convergence) can force greater upward motion, the evacuation of mass from
above a developing low pressure center, and the development of surface cyclonic
circulation (i.e., tropical cyclogenesis).
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cyclone), thus allowing the heating to exert a greater impact on the larger scale as
discussed below.
The inhibition of strong downdrafts may also lead to the reduction of low-level
cooling and the development of a more convective-type heating profile (e.g., Houze
1989). This type of profile combined with the increasing area and/or volume
experiencing latent heating associated with the increase in coverage by cold cloudiness
may aid the development of a transverse circulation (e.g., Shapiro and Willoughby 1982;
Montgomery et al. 2006; Fang and Zhang 2011). Specifically, the heating may lead to an
adjustment of the mass field (Figure 5.11b) in which the heights of isobaric levels above
the heating increase while levels below the heating are forced downward slightly. The
momentum field then adjusts to the changing mass distribution with increased upperlevel divergence and smaller lower-level convergence. Note that the effect of a given
amount of latent heating on the mass/momentum fields at low levels may be expected to
be smaller than that at higher levels due to a higher density at lower levels and may help
explain why an increase in low-level convergence is generally not observed in
Figure 5.6a,c,e. Alternatively, an increase in low-level convergence on a smaller scale
than can be resolved by the reanalysis data may also help explain the low-level pattern
observed in Figure 5.6a,c,e. A pattern of enhanced upper-level divergence and smaller
low-level convergence may then result in greater upward vertical motion (Figure 5.11c).
The combination of upward motion, divergence, and relatively small convergence (i.e.,
transverse circulation) may then act to remove more mass from above a developing
tropical cyclone, leading to the development of a surface low pressure center and a
surface cyclonic circulation (i.e., tropical cyclogenesis) via geostrophic adjustment (e.g.,
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Arnault and Roux 2011). This conceptual model describes the initial development and/or
intensification of a midlevel circulation followed by the development of a low-level
circulation, but it is not clear given the limitations of the datasets used whether the
midlevel and low-level circulations develop independently (e.g., Nolan 2007) or the lowlevel circulation develops from the midlevel circulation (i.e., top-down mechanism).
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CHAPTER VI

CASE STUDIES

Case study analyses are used here as another check on the robustness of the wave
phase identification procedure described in Chapter II. The averaging and filtering
procedure used may act to reduce the amplitude of waves and/or shift the location of
wave phases relative to those observed in unfiltered 700-hPa winds (i.e., waves that may
be observed in an operational setting). Thus, case study analyses are used to get an idea
of how well the wave phase classification using filtered/averaged winds matches a
subjective classification based on unprocessed winds. Another important aspect of case
study analyses is that they can be used to assess whether characteristics observed in an
average sense from composite waves actually occur for individual waves.
Because the LIS instrument only provides coverage over a given area for about
80 s, a lightning dataset was desired that provided more continuous coverage over
selected cases. The World Wide Lightning Location Network (WWLLN) is a groundbased lightning detection network currently made up of ~50 very low frequency (VLF)
receivers that provide coverage for most of the Earth. The WWLLN detects primarily
cloud-to-ground lightning by using the time of group arrival of VLF radiation from a
lightning flash at multiple receivers (Dowden et al. 2002; Abarca et al. 2010). Data from
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the WWLLN were acquired only for selected months of 2007 and 2008. Hence, the three
cases examined were chosen because they occurred when WWLLN data was available
and because they could most easily be tracked across at least four of the five longitude
bands shown in Figure 2.1 (i.e., tracked across most of the full 130°W−20°E analysis
domain) using Hovmoller diagrams (not shown).
The WACDW case is for the wave that developed Hurricane Lorenzo in 2007.
This wave could be tracked from 20°E on 7 September 2007 until the wave developed
Lorenzo's precursor tropical depression slightly north of our analysis domain at 21.8°N,
94.8°W in the Bay of Campeche at 18 UTC 25 September 2007 (Franklin 2007).
Lorenzo made landfall as a category 1 hurricane near Tecolutla, Mexico on the
28 September.
Another wave selected for case study analysis developed Tropical Storm Douglas
in the East Pacific in 2008 (i.e., EPDW case). This wave could be tracked beginning on
15 June 2008 at 17.5°E all the way across our domain to 130°W on 3 July. Douglas was
a short-lived storm that developed at 18 UTC 1 July 2008 at 15.4°N, 106.2°W that never
made landfall (Avila 2008).
Finally, a third wave was examined that never developed a tropical cyclone. This
NDW case could be tracked in our analysis domain from 10°E on 1 June 2008 to 82.5°W
on 15 June. Thus, this NDW could be analyzed from Africa to the Caribbean region, but
not over the East Pacific.
Data from the NCEP-NCAR reanalysis is based on a combination of observations
and output from a numerical model (Kalnay et al. 1996) with a greater weight given to
the model when observations are relatively scarce, such as over the tropical oceans.
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Therefore, before comparing wave phase locations based on filtered reanalysis data to
unfiltered reanalysis winds, it is important to make sure that the unfiltered winds
adequately represent the real atmosphere. This was done by comparing reanalysis winds
to some of the limited observations that were available. In particular, Figure 6.1 shows
observed surface winds from three separate overpasses of the QuikSCAT satellite and
1000-hPa NCEP-NCAR reanalysis winds. The SeaWinds scatterometer on board
QuikSCAT measures the radar backscatter cross section from the ocean surface using
multiple azimuth angles (Spencer et al. 2000). These backscatter cross sections are then
related to surface wind speed and direction using a geophysical-model function. Also
shown in Figure 6.1 are the wave phases identified using 700-hPa filtered data. These
wave phases are indicated by the colored horizontal line along the top of each panel in
Figure 6.1 where the green line indicates the longitude range of the ridge phase, red
indicates the northerly phase, blue the trough phase, and orange the southerly phase.
Figure 6.1a shows QuikSCAT winds associated with the WACDW case valid at
0852 UTC 17 September 2007 (reanalysis winds are valid at 06 UTC). In general,
observed wind speeds and directions agree with those of the reanalysis, but some
disagreement does occur. For example, in the southwest part of Figure 6.1a, the
reanalysis indicates northeasterly winds while the observed winds are mostly
southwesterly, although the speeds are comparable between the two datasets. In addition,
the cyclonic wind shift indicated by the QuikSCAT winds stretching from around 10°N,
52°W to 12°N, 38°W is not captured by the reanalysis, perhaps due to the lower 2.5°
spatial resolution of the reanalysis (QuikSCAT winds have 25-km resolution, but only
every fourth QuikSCAT wind barb is shown in Figure 6.1 for clarity).
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Figure 6.1 QuikSCAT observed surface winds (red wind barbs) valid for a) the West
Atlantic − Caribbean developing wave (WACDW) case at 0852 UTC
17 September 2007, b) the East Pacific developing wave (EPDW) case at 1306 UTC
30 June 2008, and c) the non-developing wave (NDW) case at 1114 UTC 15 June 2008.
The black wind barbs show unfiltered 1000-hPa NCEP-NCAR reanalysis winds valid for
06 UTC in part a and 12 UTC in parts b and c for the same dates at the QuikSCAT winds.
The colored horizontal line across the top of each panel indicates the longitude ranges of
the various wave phases identified using 700-hPa filtered data where the different colors
represent the phases shown in the legend at the bottom of the figure.
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The comparison of QuikSCAT winds valid for 1306 UTC 30 June 2008 with
1000-hPa NCEP-NCAR winds valid for 12 UTC that same date (Figure 6.1b) for the
EPDW case shows more disagreement than observed for the WACDW case. For
example, the region of convergence observed by QuikSCAT centered near 12.0°N,
107.0°W in the trough phase is not captured at all by the reanalysis. In addition, in the
northwest portion of the QuikSCAT overpass, a cyclonic circulation is indicated by the
observed winds, but the reanalysis suggests only northerly winds. This indication of a
cyclonic circulation in the QuikSCAT winds is associated with a different East Pacific
storm (i.e., Hurricane Boris). The presence of a hurricane and its associated low-level
circulation in an easterly wave ridge phase is surprising, and more is said about this later.
Figure 6.1c shows an example of QuikSCAT winds and reanalysis winds valid for
1114 UTC and 12 UTC, respectively, on 15 June 2008 for the NDW case. In contrast to
the overpass of the EPDW case shown in Figure 6.1b, the reanalysis and observed winds
in Figure 6.1c show broad agreement. In particular, the cyclonic wind shift across
Panama and Central America located in the trough phase appears in both datasets.
In summary, all three panels of Figure 6.1 suggest that observed and reanalysis
wind speeds and directions often agree reasonably well with one another. But, less
agreement is seen at some times compared to others. Hence, caution must be used when
using NCEP-NCAR reanalysis data due to its greater reliance on numerical model output
in data scarce regions and its relatively coarse resolution.
An analysis of animations of hourly images of unfiltered 700-hPa winds, IR
brightness temperatures, and WWLLN flash locations surrounding the trough phases of
the three cases generally indicate that the wave phase classification using averaged,

122

filtered winds and vorticity matches reasonably well with unprocessed 700-hPa wind
fields. For example, Figure 6.2 shows an example of an hourly image for each case over
different regions. As in Figure 6.1, the wave phases identified using filtered data are
shown by the colored horizontal line along the top of each panel in Figure 6.2.
Figure 6.2a shows unfiltered 700-hPa winds and IR brightness temperatures for
the WACDW case valid for 06 UTC 9 September 2007 over Africa (no WWLLN flashes
were recorded near this time over this location). North of 12°N, winds are mainly zonal,
but a wave signature but can more clearly be seen south of this latitude. In particular,
unfiltered winds are generally directed from the south (north) over the longitude range of
the filtered-wind southerly (northerly) phase, while unfiltered winds become more
easterly in the filtered-wind trough phase, as would be expected. The greatest coverage
of the coldest cloud tops appears to occur in the northerly phase at the time shown in
Figure 6.2a.
Figure 6.2b depicts unfiltered data for the EPDW case over the East Pacific valid
for 00 UTC 30 June 2008. Similar to Figure 6.2a, the EPDW is most clearly seen in the
unfiltered 700-hPa winds south of 12°N. Unfiltered winds show a southerly component
in the southerly phase, a northerly component in the northerly phase, and become more
zonal in the trough. In addition, south of 12°N, unfiltered winds suggest some
anticyclonic turning of the winds in the eastern part of the western ridge phase, as would
be expected. However, the western part of the western ridge phase in Figure 6.2b is
associated with predominantly southerly winds, suggesting that this ridge phase extends
too far west into what appears to be a southerly phase. Thus, Figure 6.2b shows that in
the southern part of the domain, the filtered wave phases agree reasonably well with the
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Figure 6.2 Unfiltered 700-hPa winds and IR brightness temperatures valid for a)
06 UTC 9 September 2007 for the West Atlantic – Caribbean developing wave
(WACDW) case, b) 00 UTC 30 June 2008 for the East Pacific developing wave (EPDW)
case, and c) 18 UTC 7 June 2008 for the non-developing wave (NDW) case. The red
crosses indicate lightning locations from the World Wide Lightning Location Network
that occurred ± 30 minutes from the time for which each panel is valid. The colored
horizontal line across the top of each panel is the same as in Figure 6.1.
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unfiltered winds, but some disagreement occurs in the ridge phase. An examination of
the IR brightness temperatures and WWLLN data in Figure 6.2b indicates that the coldest
cloud tops and most lightning appear to be distributed primarily across the trough and
southerly phases at this time.
The cold cloud cluster in the ridge phase to the west in Figure 6.2b is associated
with a different East Pacific tropical cyclone (i.e., Hurricane Boris). When identifying
DWs, an estimated 95% of initial tropical depression locations identified by the NHC
could be unambiguously matched with an easterly wave trough. However, after tropical
depression formation, the depression sometimes began to move with a different phase
speed and/or direction relative to the parent easterly wave. For example, once the
depression that developed into Hurricane Boris formed, both the parent easterly wave and
developing storm continued moving westward, but Boris moved slower than the wave so
that by 30 June 2008, the storm was located in the ridge phase. The marsupial paradigm
developed by Dunkerton et al. (2009) suggests that a mutually beneficial interaction
occurs between a Lagrangian recirculation region and the trough phase of an easterly
wave until the recirculation region becomes a self-sustaining entity and separates from
the parent easterly wave as a tropical depression. In other words, an open, synoptic-scale
easterly wave is not the same thing as a mesoscale tropical cyclone with a closed surface
circulation, and we are tracking waves here, not tropical cyclones.
To determine how often tropical cyclones of various strengths occurred in each
wave phase, locations of tropical cyclones from NHC best track data (HURDAT data;
National Hurricane Center 2012) were compared with the locations of easterly wave
phases. Table 6.1 shows the percentage of tropical storm (3239 total observations),
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Table 6.1 The percentage of tropical storm (TS), Saffir-Simpson Category 1−2 hurricane
(Cat. 1-2), and Category 3−5 hurricane (Cat. 3-5) observations that occur in each easterly
wave phase or near a data point classified as missing.
Intensity
TS
Cat. 1-2
Cat. 3-5

Ridge
8.0
4.6
2.9

Northerly
14.0
7.8
8.8

Trough
4.8
2.2
6.1

Southerly
46.7
56.3
57.6

Missing
26.5
29.1
24.6

Saffir-Simpson Category 1−2 hurricane (549 observations), and Category 3−5 hurricane
observations (342 observations) that occur in each of the four easterly wave phases and
an additional "missing" category. To remove the influence of tropical cyclones from the
composite analyses, trough phases that were associated with a tropical cyclone that
developed from an easterly wave were labeled as missing (note that other wave phases
that were associated with tropical cyclones were also removed from the composite
analyses). Hence, most of the observations of tropical cyclones that occur in the missing
category likely occurred near a data point originally classified as a trough. Tropical
cyclones that did not develop from easterly waves were not accounted for and their
associated data points were not necessarily labeled as missing. Hence, the trough
percentages in Table 6.1 represent tropical cyclones that did not develop from easterly
waves and indicate that some troughs may have been included in the composites that
were associated with tropical cyclones. But, the trough percentages in Table 6.1 are
small, suggesting a relatively small influence of tropical cyclones on the composites. The
percentages in Table 6.1 suggest that most tropical cyclones occur in the trough
(assuming missing data points were originally troughs) and southerly phases, as would be
expected. Thus, the presence of Hurricane Boris in the ridge phase in Figure 6.2b is not
typical. Table 6.1 also suggests little dependence on storm intensity of where a cyclone
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occurs relative to easterly wave phases, although the percent of observations in the ridge
(southerly phase) decreases (increases) somewhat with storm intensity.
An example of unfiltered 700-hPa winds, IR brightness temperatures, and
lightning locations for the NDW case over the East Atlantic region is shown in
Figure 6.2c valid for 18 UTC 7 June 2008. At this time, the NDW is most clearly seen in
the unfiltered winds between ~10°–16°N in the middle of the domain, in contrast to the
other two panels in Figure 6.2. In particular, between 10°–16°N in the eastern ridge
phase shown in Figure 6.2c, winds are mostly zonal with a slight northeasterly
component. Winds become more southeasterly in the southerly phase, mostly zonal
again in the trough, and northeasterly at the eastern end of the northerly phase, as
expected. In addition, towards the western end of the northerly phase and into the
western ridge, unfiltered winds gradually become more zonal across the middle latitudes
of the domain as would be expected. Scattered cloudiness occurs in the southern portion
of the domain across all wave phases at the time shown in Figure 6.2c without any
apparent preference for cloudiness to occur in one phase over another. Similarly, a few
lightning flashes occur in all wave phases, except the trough.
As shown in Figure 6.2, unfiltered winds generally show patterns that would be
expected based on the wave phases identified using filtered data, at least at some
latitudes. However, there are times when an easterly wave is very difficult to identify in
the unfiltered data despite the identification of wave phases using filtered information.
These times when waves are difficult to identify in the unfiltered winds generally don’t
last that long and waves are eventually able to be tracked again using unfiltered data.
Figure 6.3 shows a series of plots of unfiltered 700-hPa winds, IR brightness
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Figure 6.3 As in Figure 6.2, except for the non-developing wave (NDW) case valid at a)
12 UTC 5 June 2008, b) 12 UTC 6 June 2008, and c) 12 UTC 7 June 2008.
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temperatures, and lightning locations depicting a time when the NDW was difficult to
identify followed by times when the wave can more clearly be identified in the unfiltered
fields. At 12 UTC 5 June 2008 (Figure 6.3a), winds are mostly zonal south of 16°N
without any clear indication of the presence of an easterly wave. Some of the winds
north of 16°N have a stronger meridional component than seen farther south, but it is still
difficult to discern any wave there. In addition, some of the meridional winds to the
north have a direction opposite to what would be expected given the locations of filtereddata wave phases. Specifically, unfiltered winds with a southerly component are found in
the northerly phase. The northerly (southerly) phases are identified as they are in
Figure 6.3a because the normalized, bandpass-filtered meridional wind anomalies were
less (greater) than -0.75 (0.75; cf. Figure 2.2). The trough and ridge phases are identified
in Figure 6.3a based on the location of northerly and southerly phases as described in
Chapter II, despite the apparent lack of a wave in the unfiltered wind field. At
12 UTC 6 June 2008 (Figure 6.3b), a wave is still difficult to identify in the mostly zonal
winds south of 16°N, but north of this latitude, a wave can more clearly be seen.
However, the wave seen in the unfiltered wind field appears to be shifted westward
relative to the wave phases identified using the filtered winds. Specifically, at 17.5°N,
winds shift from having a southerly component to a northerly component (i.e., wave
trough) in the filtered-wind northerly phase. Finally, by 12 UTC 7 June 2008
(Figure 6.3c), the cyclonic curvature of the unfiltered winds associated with the trough
phase is actually found in the trough phase identified with filtered data (curvature is most
clearly seen north of ~12°N). Note, however, that the wave in the unfiltered wind field
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shown in Figure 6.3c appears to tilt eastward with latitude, but the wave phase
classification procedure described in Chapter II assumes meridionally-oriented waves.
Note that there does not appear to be much of a correlation with the coverage by
cold cloud tops/convection and whether a wave can be clearly identified or not in the
unfiltered wind field. When the wave could not be clearly identified at all in the
unfiltered winds (Figure 6.3a), the greatest coverage by cold cloud tops occurred to the
south in the filtered-wind northerly phase. Relatively little coverage by cold cloud tops
occurred in any filtered-wind wave phase when the wave was poorly defined as shown in
Figure 6.3b. Finally, when the NDW could be identified using unfiltered winds in a
location matching that of the filtered-data classification (Figure 6.3c), the greatest
coverage by cold cloudiness occurred in the eastern portion of southerly phase. In
general, all the cases showed little correlation between whether a wave could be
identified using unfiltered winds and coverage by cold cloudiness or its phasing with the
wave.
Another difficulty pertaining to wave phase classification involves the temporal
resolution. The wave phase classification based on filtered data has daily resolution, but
waves, obviously, move over the course of a day. Sometimes a wave identified using
unfiltered winds matches up with that found using filtered winds early in the day, but
later in the day the wave trough shown by unfiltered winds moves westward away from
the wave trough identified using filtered information. For example, Figure 6.4 shows two
plots of unfiltered 700-hPa winds, IR brightness temperatures, and WWLLN lightning
flash locations for the EPDW case, one valid at 00 UTC 21 June 2008 and the other for
15 UTC that same day. The switch from winds with a southerly component to those with
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Figure 6.4 As in Figure 6.2, except for the East Pacific developing wave (EPDW) case
valid at a) 00 UTC 21 June 2008 and b) 15 UTC 21 June 2008.
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a northerly component is centered approximately in the center of the filtered-wind trough
phase (seen most clearly north of 16°N) at 00 UTC, where it should be. However, at
15 UTC, that wind shift associated with the trough appears to have moved into the
filtered-wind northerly phase.
Overall, reasonably good agreement is found between unfiltered 700-hPa winds
and the locations of wave phases identified using averaged and filtered data as indicated
by the three cases that were examined. However, occasionally a wave is difficult to
identify in the unfiltered data but is identified with the filtered information. Oftentimes,
this situation does not persist for very long, and the wave can eventually be identified
again using both filtered and unfiltered winds. Another issue that sometimes occurs is
that a wave is identified using both filtered and unfiltered information, but the wave in
the unfiltered wind field is shifted eastward or westward relative to that identified using
filtered winds. In particular, a wave location using filtered and unfiltered information
may match well at one time during a particular day, but the wave in the unfiltered wind
field sometimes moves westward relative to the wave identified using filtered data later
that same day.
As mentioned previously, another reason case studies are important is to
determine whether patterns observed for composites exist for individual cases. Table 6.2
shows the fractional coverage by IR brightness temperatures ≤ 240 K for the three cases
averaged over the longitude bands depicted in Figure 2.1. A comparison between the
values of the WACDW case and those of the NDW case suggest patterns that are similar
to the comparison between the composite WACDW and NDW (Table 4.3). In particular,
a majority of WACDW phases over each longitude band have greater coverage than the
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Table 6.2 The fractional coverage by IR brightness temperatures ≤ 240 K for the West
Atlantic – Caribbean developing wave (WACDW) case, the East Pacific developing
wave (EPDW) case, and non-developing wave (NDW) case as a function of wave phase
valid over various longitude bands.
Africa
Northerly Trough
0.151
0.111
WACDW
0.083
0.125
EPDW
0.056
0.104
NDW

Southerly
0.049
0.090
0.094

East Atlantic
Northerly Trough
0.061
0.098
WACDW
0.033
0.085
EPDW
0.068
0.046
NDW

Southerly
0.093
0.099
0.038

West Atlantic
Northerly Trough
0.075
0.061
WACDW
0.028
0.058
EPDW
0.032
0.085
NDW

Southerly
0.070
0.100
0.118

Caribbean
Northerly Trough
0.111
0.179
WACDW
0.193
0.213
EPDW
0.087
0.115
NDW

Southerly
0.177
0.172
0.187

East Pacific
Northerly Trough
0.181
0.182
EPDW

Southerly
0.265
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corresponding NDW case values, except over the West Atlantic (Table 6.2). Over the
West Atlantic, only the northerly phase value is larger than the corresponding NDW case
value. In contrast, the WACDW composite was associated with greater cold cloudiness
coverage in all phases over the West Atlantic relative to the NDW composite (Table 4.3).
The EPDW case occurred primarily in the month of June, but the Eulerian
composites shown in Chapter IV are valid for July–August, which might help to explain
the differences in cold cloud top coverage comparisons between the EPDW and NDW
cases and composites. In particular, the EPDW case is generally associated with greater
coverage by IR brightness temperatures ≤ 240 K over Africa and the East Atlantic
relative to the NDW case. In contrast, a comparison between the EPDW and NDW
composites (Table 4.8) showed that EPDWs are associated with less cold cloud top
coverage relative to the NDWs over Africa and the East Atlantic. Over the West
Atlantic, the values for the EPDW case are generally comparable to those of the NDW
(Table 6.2), while values are generally greater for the EPDW case over the Caribbean.
These patterns over both the West Atlantic and Caribbean are similar to what was
observed for a comparison between the EPDW and NDW composite values (Table 4.8).
Hence, there are also some similarities between the EPDW/NDW case comparison and
EPDW/NDW composite comparison in terms of cold cloudiness coverage.
The fractional coverage by IR brightness temperatures ≤ 240 K as a function of
day relative to D0 for each case is shown in Figure 6.5. A comparison between the
patterns depicted in Figure 6.5 and those shown by the Lagrangian composites in
Table 5.2 suggests several similarities between the composites and cases. For example,
the NDW case (Figure 6.5c) and composite both show an increase in coverage by cold
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Figure 6.5 The fractional coverage by IR brightness temperatures ≤ 240 K as a function
of wave phase and day relative to D0 for the a) West Atlantic – Caribbean developing
wave (WACDW) case, b) the East Pacific developing wave (EPDW) case, and c) the
non-developing wave (NDW) case. Values are not shown on D+1 for the WACDW and
NDW cases because those waves could not be tracked on that day, and the horizontal line
in each panel shows the average coverage over the full analysis domain for the year each
case occurred (i.e., 2007 for the WACDW case and 2008 for the other two cases).
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cloudiness in all phases in the days leading up to D0. Consistent with the Lagrangian
composite of all DWs, Figure 6.5b shows that cold cloud tops increase in the southerly
phase of the EPDW case through D0. In addition, the cold cloud top coverage in the
northerly and trough phases of the EPDW case increases a few days prior to genesis and
then subsequently decreases. This behavior is consistent with the Lagrangian composites
in the northerly phase but not in the trough (the composite DW trough coverage increased
up to D0 [Table 5.2]). A comparison between the values of the EPDW case and the
NDW case indicates that the coverage is generally greater for the developing case, again
consistent with composites.
Many differences are also observed between cases and composites in terms of the
coverage by cold cloudiness. For example, the evolution of the coverage by IR
brightness temperatures ≤ 240 K for the WACDW case shown in Figure 6.5a indicates
that the northerly phase is associated with a decrease in coverage every day between D-5
and D-1, followed by a small increase on D0. The other WACDW case phases show a
large decrease on D-1, followed by a smaller increase on D0. In contrast, the Lagrangian
composites for all DWs (Table 5.2) shows an increase in coverage a few days prior to
genesis in all phases with a continued increase in the trough and southerly phases up to
D0. A comparison between Figures 6.5a and 6.5c shows that the NDW case cold cloud
top coverage is greater than the WACDW coverage in all phases on D0, in contrast to the
DW composite which showed significantly greater coverage for those waves on D0
relative to the NDW composite.
One of the main conclusions from the Lagrangian composite analysis was that the
coverage by cold cloud tops associated with DWs increases in the days leading up to

136

tropical cyclogenesis. However, the coverage by cold cloudiness for the WACDW case
(Figure 6.5a) generally remains nearly constant or decreases as genesis is approached.
To determine if this behavior was typical of more cases, four cases were randomly
selected from each year of the study (for a total of forty cases), and the fractional
coverage by IR brightness temperatures ≤ 240 K for D-5 through D+1 in the trough phase
was ranked from highest to lowest coverage for each case. Day zero was associated with
the greatest coverage for twelve of the cases, second greatest coverage in eleven cases,
third greatest coverage in five cases, fourth greatest coverage in two cases, third smallest
coverage in four cases, second smallest in four cases, and the smallest coverage in two
cases. Hence, over half of the forty cases (57.5%) were associated with the greatest or
second greatest cold cloudiness coverage on D0, and 70.0% of the D0 values were ranked
in the top three. Therefore, the decrease in cold cloudiness coverage observed for the
WACDW case and relatively low coverage on D0 does not appear to be typical of most
cases. As mentioned previously, the three cases shown in Figure 6.5 were selected
because they could most easily be tracked across the majority of the full 130°W–20°E
analysis domain during the limited time for which WWLLN data was acquired, not
necessarily because the cases were most representative of the patterns observed in the
composite analyses.
In summary, the patterns of cold cloudiness coverage shown by the cases suggest
many similarities between those indicated by the Eulerian and Lagrangian composites.
This suggests that composite behavior is, indeed, observed for at least some individual
cases. Several differences between cases and composites are observed as well, but, of
course, no case would be expected to be completely identical to a composite wave.
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Histograms showing the distribution of TRMM observations, including LIS
observations (not shown), show that observations are distributed nearly uniformly across
the diurnal cycle for the various Eulerian and Lagrangian composites. However, this is
not the case for the case studies. Hence, it is possible the TRMM satellite passed over
one case at the peak of the diurnal cycle of convection and passed over another case at a
different point in the diurnal cycle. Thus, neither Eulerian nor Lagrangian LIS flash rates
for the cases are shown. Despite the 24-hour coverage of the WWLLN over a given
location (provided all nearby receivers are operating continuously), Abarca et al. (2010)
found that the network does not adequately capture the diurnal cycle over the continental
United States. In addition, the goal here is the compare patterns observed for the cases
with those observed for the composites. Due to differences between LIS and the
WWLLN (e.g., different detection efficiencies, LIS records an optical pulse emitted by
lightning, while WWLLN measures VLF radiation, etc.), a comparison between
WWLLN flash rates for the cases and LIS flash rates for the composites is not
particularly instructive. Hence, WWLLN flash rates for the cases are not shown either.
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CHAPTER VII

NUMERICAL MODEL SIMULATIONS

Leppert and Petersen (2010) found that DWs were generally associated with more
widespread and/or vigorous convection relative to NDWs. Developing waves were also
found in LP10 to be associated with relatively high upper-level divergence, upward
vertical motion, and mid- to upper-level moisture. It was hypothesized by LP10 that
these larger-scale conditions were the result of thermodynamic and dynamic feedbacks
from the enhanced smaller-scale convection (i.e., an upscale interaction) associated with
DWs. Similarly, this study has found the simultaneous occurrence of more widespread
and/or intense convection and the aforementioned larger-scale conditions for DWs. For
example, the Lagrangian DW composite coverage by cold IR brightness temperatures
(Table 5.2) suggests an increase in coverage by cold cloud tops in the southerly and
trough phases in the days leading up to and including D0. The larger net latent heating
associated with this increase in coverage by cold cloud may have helped lead to the
increase in upper-level (~200 hPa) divergence observed for those same phases of the DW
composite (Figure 5.6) as described in Chapter V. It is also possible that enhanced
larger-scale, upper-level divergence helped created an environment favorable for a
greater coverage by convection and cold cloudiness. Hence, numerical model
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simulations were conducted of the easterly wave that developed Hurricane Helene in
2006 to examine the interaction between smaller and larger scales, in particular the nature
of any upscale interaction that may exist. Background information on Helene's precursor
wave and on the model setup is given in Chapter II. In addition, a summary of the
various simulations conducted and various options selected for each simulation are
provided in Table 7.1.
To determine whether the results reasonably approximate the real atmosphere,
model results are first compared with observations. Figure 7.1 shows the sea-level
pressure field valid for 18 UTC 12 September 2006 for the WSM6_WH and WSM6_NH
simulation. Not surprisingly, the simulation where latent heating was turned off (i.e.,
WSM6_NH) did not appear to produce a tropical depression in the sea-level pressure
field by this time. In contrast, the simulation that would be expected to be more
representative of the real atmosphere by allowing microphysics-produced latent heating
(i.e., WSM6_WH) does produce a tropical depression at this time near that observed. At
18 UTC, Helene's precursor tropical depression was observed to have a minimum central
pressure of 1007 hPa located at 11.9°N and 23.2°W (Brown 2007). Hence, the
WSM6_WH simulation produced a depression at this time with a central pressure slightly
below and located slightly north of that observed but at nearly the same longitude as that
observed. The other simulations that allow heating also produced tropical depressions
with magnitude and location close to that observed (not shown).
The OLR fields produced by the WSM6_WH and WSM6_NH simulations as well
as that observed (OLR calculated from observed IR brightness temperatures using the
Stefan-Boltzmann law assuming an emissivity of one) are shown in Figure 7.2 valid for

140

Table 7.1 Summary of the different simulations conducted and their associated options.
Note that no convective parameterization was used for any simulation, and the Rapid
Radiative Transfer Model (Dudhia scheme) was used to account for longwave
(shortwave) radiation for all simulations. All simulations were initialized at
18 UTC 8 September 2006.

Simulation
WSM6_WH
WSM6_NH
WDM6
THOMP
YONSEI
NESTED

Microphysics
WRF SingleMoment 6Class
WRF SingleMoment 6Class
WRF DoubleMoment 6Class
Thompson
WRF SingleMoment 6Class
WRF SingleMoment 6Class

Nested
Grid/Latent
Heating?

Planetary
Boundary
Layer
MellorYamadaJanjic
MellorYamadaJanjic
MellorYamadaJanjic
MellorYamadaJanjic

Surface
Layer

Land
Surface

MoninObukhov
(Janjic Eta)
MoninObukhov
(Janjic Eta)
MoninObukhov
(Janjic Eta)
MoninObukhov
(Janjic Eta)

5-Layer
Thermal
Diffusion
5-Layer
Thermal
Diffusion
5-Layer
Thermal
Diffusion
5-Layer
Thermal
Diffusion

Yonsei
University

MoninObukhov

Noah

No/Yes

MellorYamadaJanjic

MoninObukhov
(Janjic Eta)

5-Layer
Thermal
Diffusion

Yes/Yes

No/Yes
No/No
No/Yes
No/Yes

12 UTC 11 September 2006. In addition, 700-hPa winds are also shown in Figure 7.2
where the three-km resolution simulated winds were averaged over 2.5° boxes to match
the resolution of NCEP-NCAR reanalysis winds displayed in Figure 7.2b. Note the
nearly zonal winds with relatively high speeds running along ~17.5°N in the reanalysis
wind field (Figure 7.2b) which is the African easterly jet. This jet is much stronger in the
reanalysis relative to both model simulations, but the easterly wave appears to be more
amplified in the simulations. In particular, note the cyclonic curvature in the wind field
centered just west of the African coastline in both simulations, representative of the
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Figure 7.1 Sea-level pressure valid for 18 UTC 12 September 2006 for the a)
WSM6_WH and b) WSM6_NH simulations.
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Figure 7.2 Outgoing longwave radiation (OLR) and 700-hPa winds valid for
12 UTC 11 September 2006 (66 hours into the simulations) from a) the WSM6_WH
simulation, b) observed IR brightness temperatures and NCEP-NCAR reanalysis winds,
and c) the WSM6_NH simulation.
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easterly wave trough. If easterly waves grow as a result of barotropic and/or baroclinic
instabilities of the African easterly jet (e.g., Norquist et al. 1977; Hsieh and Cook 2008;
i.e., easterly waves gain energy at the expense of the jet), then it might be expected that
waves be less amplified where the jet is stronger (Figure 7.2b) and be more amplified
where the jet is weaker (Figure 7.2a,c). In general, the location of the cold cloudiness
(i.e., lower OLR) associated with the wave trough at this time in the WSM6_WH
simulation is in reasonably good agreement with the observations. In contrast, the OLR
values of the WSM6_NH simulation, not surprisingly, are quite high without any
indication of deep, cold cloudiness associated with the wave trough at this time. The
OLR and 700-hPa wind fields of the other simulations with latent heating (not shown)
show patterns quite similar to that produced by the WSM6_WH simulation.
A comparison was also made between observed PR reflectivity and model derived
reflectivity. In particular, reflectivity was calculated from simulated mixing ratios of
graupel (qg), snow (qs), and rain (qr) using,

Z  N *0r ρ a q r 

7

4

 αN *0g ρ a q g  4  αN *0s ρ a q s 
7

7

4

,

(7.1)

where Z is the equivalent reflectivity factor in units of m6 m-3, ρa is the density of air, α is
a factor equal to 0.224 that accounts for the different dielectric constants of ice and water,
and N *0r , N *0g , and N *0s are given by,
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 ρ r,g,s   3 4

 N 0r,g,s  ,
ρ
 r 

(7.2)

(McFarquhar et al. 2006). In equation (7.2), ρ(r,g,s) represents the density of rain, graupel,
or snow; N0(r,g,s) the intercept parameters for rain, graupel, or snow; and Γ the gamma
function. The densities and intercept parameter values for the various hydrometeor
species were taken from Hong and Lim (2006) for the WSM6 microphysics scheme, Lim
and Hong (2010) for the WDM6 scheme, and Thompson et al. (2008) for the Thompson
scheme. In particular, the density of rain was set to 1000 kg m-3, and the density of snow
was equal to 100 kg m-3 for all microphysics schemes. For simulations that utilize the
WSM6 and WDM6 schemes, 500 kg m-3 was used for the density of graupel. For the
THOMP simulation, the density of graupel was set to 400 kg m-3. The intercept
parameters for rain and graupel were set to constant values of 8 X 106 m-4 and
4 X 106 m-4, respectively, for the WSM6 and WDM6 microphysics schemes. The
intercept parameter for snow for the WSM6 and WDM6 schemes was given by
N 0s  2  10 6 exp 0.12T  T0  , where T is temperature and T0 was set to a constant value

of 273.16 K. The rain intercept parameter for the Thompson microphysics scheme was
given by,

N 0r 

 q  q r   N1  N 2
N1  N 2
 
tanh r0
,
2
2
 4q r0 

(7.3)

where N1, N2, and qr0 are constants equal to 9 X 109 m-4, 2 X 106 m-4, and
1 X 10-4 kg kg-1, respectively. The Thompson intercept parameter for graupel was given
by,

 200

N 0g  max10 4 , min 
,5  10 6   ,

 q g
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(7.4)

and for snow,





N 0s  min 2  10 8 ,2  10 6 exp 0.12 * min  0.001, T  T0  .

(7.5)

Once the equivalent reflectivity factor was calculated using equation (7.1), it was
multiplied by 1018 to get units of mm6 m3 and then converted to logarithmic units.
Given the limited swath width of the PR instrument and observation times that
differ from the times for which model output is valid, a direct comparison between plots
of observed reflectivity and simulated reflectivity is quite difficult. Hence, some simple
summary statistics were calculated using simulated reflectivity and observed reflectivity
within ± three hours of the time of the simulated reflectivity. These statistics are
presented for various pressure levels at two times in Table 7.2. Note that only values
≥ 18 dBZ were included in these statistics to be consistent with the minimum detection
limit of the PR. The maximum and average simulated reflectivity values are always
greater than the corresponding observed values at these two times. The difference
between average simulated and observed reflectivity values generally increases with
decreasing pressure, suggesting that the difference is largely a result of an overproduction
of frozen hydrometeors by the model, in particular graupel. Previous studies (e.g.,
McFarquhar et al. 2006) have also found that several microphysics schemes tend to
produce too much graupel. Another possible reason for the difference between observed
and simulated values involves differences between Rayleigh and Mie scattering. The
calculation of reflectivity from model output assumes Rayleigh scattering, but larger
graupel particles may fall into the Mie scattering regime for the PR instrument with a
wavelength of 0.02 m. This Mie scattering acts to limit the maximum measured values of
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Table 7.2 The maximum, conditional mean, and standard deviation (sigma) of reflectivity
values (dBZ) observed by the Precipitation Radar (PR) and derived from the output of the
WSM6_WH, THOMP, and WDM6 numerical model simulations valid at 18 UTC
9 September (24 hours into the simulations) and 12 UTC 12 September 2006
(90 hours into the simulations) for various pressure levels.

Simulation
WSM6_WH
THOMP
WDM6
PR

18 UTC 9 September 2006
Level (hPa)
Max
Mean
51.2
30.8
400
69.4
27.2
400
53.8
29.9
400
44.7
23.8
400

Sigma
7.86
6.29
6.88
5.63

WSM6_WH
THOMP
WDM6
PR

500
500
500
500

51.8
71.2
55.6
48.4

29.5
29.6
29.1
24.3

7.28
7.67
7.23
5.98

WSM6_WH
THOMP
WDM6
PR

850
850
850
850

57.2
64.6
58.1
47.7

30.7
33.8
33.8
28.4

8.70
13.06
8.96
6.70

12 UTC 12 September 2006
Simulation Level (hPa)
Max
Mean
51.5
29.7
400
WSM6_WH
66.2
26.6
400
THOMP
53.9
28.3
400
WDM6
46.0
22.2
400
PR

Sigma
7.20
5.83
6.85
3.35

WSM6_WH
THOMP
WDM6
PR

500
500
500
500

51.5
69.0
54.3
49.1

28.8
28.8
27.8
24.5

6.55
7.36
6.79
4.50

WSM6_WH
THOMP
WDM6
PR

850
850
850
850

57.7
64.3
58.7
50.9

29.5
32.6
32.6
29.2

8.40
12.81
8.82
6.82
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reflectivity from the PR. A comparison between the mean reflectivity values from the
different microphysics schemes shows that, in general, values are similar among the
various schemes, but maximum values tend to be the highest for the Thompson scheme.
To analyze the structure and circulation of the larger-scale simulated easterly
wave and their evolution with time, wave phases first needed to be identified in the model
simulations. This was done by calculating daily and meridional averages of simulated
700-hPa winds over 2.5° boxes and applying the same wave phase classification
procedure as described in Chapter II, except for the application of a the three−seven-day
bandpass filter. This type of filter cannot be applied to a four-day model simulation. In a
four-day simulation, the signal from waves with a period longer than seven days is
assumed to be small, and the averaging of the three-km winds over 2.5° boxes should
smooth out much of the variability with periods less than three days.
The composite vertical profiles of latent heating from the WSM6_WH simulation
as a function of wave phase valid for all four days of the simulation are shown in
Figure 7.3a. All wave phases are associated with heating throughout a large depth of the
troposphere, especially the trough and northerly phases, suggesting a predominantly
convective-type heating profile (e.g., Houze 1989). However, the cooling near the
surface and maximum in heating ~500 hPa suggests some influence from stratiform
processes.
As an indication of the evolution of the latent heating profiles with time,
Figure 7.3b shows the difference in heating profiles between 11 September 2006 and
9 September 2006 as a function of wave phase for the WSM6_WH simulation. The focus
of the numerical simulations is the effect of smaller-scale processes on the larger-scale
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Figure 7.3 a) Composite four-day vertical profiles of latent heating, and b) the latent
heating differences between 11 and 9 September 2006 (i.e., 11 September minus
9 September values) as a function of wave phase for the WSM6_WH simulation. The
horizontal dashed lines indicate ± one standard deviation relative to the vertical zero line
in part b and relative to the mean latent heating profile shown by the solid line in part a.

easterly wave prior to tropical cyclogenesis, and the 11 September is the last full day of
the simulations before a tropical depression developed. The 9 September is the first full
day of the simulations. Reasonably good agreement was observed in a comparison
between model output (e.g., OLR) and observations valid at 00 UTC 9 September 2006
(six hours into the simulations; not shown). This suggests that six hours was enough time
for model spin-up and that model output valid on 9 September 2006 shouldn't suffer from
spurious results associated with model spin-up. Figure 7.3b shows an increase in heating
with time in all phases near 925 hPa with a maximum in the northerly phase. Around
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300 hPa, the northerly phase is associated with a decrease in heating with time, while the
other phases are associated with a small increase in heating near that level. In addition,
the trough phase experiences slight cooling ~600 hPa.
Composite vertical profiles of divergence for each wave phase were created valid
for all four days of each simulation, and Figure 7.4 shows the difference between these
profiles valid for the WSM6_WH and WSM6_NH simulation (i.e., WSM6_WH values
minus WSM6_NH values). At upper-levels (~200 hPa), divergence is greater in all
phases of the heating simulation with the greatest difference in the trough phase. Below

Figure 7.4 Four-day composite divergence differences between the WSM6_WH and
WSM6_NH simulations (i.e., WSM6_WH minus WSM6_NH values) as a function of
wave phase and pressure. The dashed horizontal lines depict the value of ± one standard
deviation at each pressure level.
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850 hPa (925 hPa) convergence is greater in the northerly and trough phases (southerly
phase) of the WSM6_WH simulation. Thus, Figure 7.4 suggests that smaller-scale latent
heating influences the larger-scale easterly wave by increasing upper-level (low-level)
divergence (convergence), especially within the trough and northerly phases. Latent
heating may help lead to the adjustment of pressure levels above and below the heating
that result in the patterns of divergence observed in Figure 7.4 as described in more detail
in Chapter V.
Differences between divergence profiles valid on 11 September 2006 and
9 September 2006 for the WSM6_WH and WSM6_NH simulations are provided in
Figure 7.5. These difference profiles for both simulations appear to be somewhat noisy,
but at low levels, the trough of the WSM6_WH simulation shows an increase in
convergence with time not seen for the WSM6_NH simulation. In addition, the increase
in 1000-hPa convergence with time in the northerly phase of the heating simulation is
much greater than that of the no heating model run. At upper levels, both simulations
exhibit an increase in divergence with time in the trough and southerly phases, while the
northerly phase shows relatively little change with time. Hence, the inclusion of latent
heating in model simulations appears to help to lead to an increase in low-level
convergence between 9 and 11 September, in particular within the trough phase, while
having relatively little effect on the evolution of divergence at upper levels during that
time.
Because Figure 7.4 shows that the WSM6_WH simulation is associated with
greater upper-level divergence than the WSM6_NH simulation, it might be expected that
the WSM6_WH simulation would be associated with a greater increase in upper-level
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Figure 7.5 The difference between vertical divergence profiles valid on
11 and 9 September 2006 (i.e., 11 September minus 9 September values) for the a)
WSM6_WH and b) WSM6_NH simulations as a function of wave phase. The dashed
horizontal lines depict the value of ± one standard deviation at each pressure level.

divergence with time relative to the no heating simulation, contrary to what is observed in
Figure 7.5. An examination of profiles of divergence for the WSM6_WH simulation
valid for 9, 10, and 11 September separately (not shown) and a comparison with the
corresponding profiles from the WSM6_NH simulation (not shown) shows that upperlevel divergence was generally greater for the WSM6_WH simulation compared to the no
heating simulation on each day, consistent with the pattern shown in Figure 7.4. In
addition, the change in upper-level divergence from 9 September to 11 September for
both simulations is comparable, consistent with Figure 7.5. Because both simulations
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were initialized with the same initial conditions at 18 UTC 8 September 2006, the greater
divergence for the WSM6_WH simulation on the 9 September suggests that upper-level
divergence rapidly increased for that simulation relative to the WSM6_NH simulation
during the beginning of the simulations. Thus, it appears that the inclusion of latent
heating influenced the evolution of upper-level divergence early on in the simulation, but
exerted relatively little effect later on (i.e., 9−11 September [Figure 7.5]).
The differences between four-day composite vertical motion profiles of the
WSM6_WH and WSM6_NH simulations (Figure 7.6) are consistent with the divergence

Figure 7.6 Four-day composite vertical motion (omega) differences between the
WSM6_WH and WSM6_NH simulations (i.e., WSM6_WH minus WSM6_NH values)
as a function of wave phase and pressure. The dashed horizontal lines depict the value of
-1.0 * standard deviation at each pressure level.
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difference profiles shown in Figure 7.4. Specifically, the large negative values shown in
Figure 7.6 throughout a large depth of the troposphere in the trough and northerly phases
(suggesting stronger upward vertical motion for the WSM6_WH simulation) are
consistent with the relatively large values of upper-level (low-level) divergence
(convergence) observed in those phases of the WSM6_WH simulation (Figure 7.4).
The evolution of omega profiles as indicated by differences between values valid
on the 11 September 2006 and 9 September 2006 for the WSM6_WH and WSM6_NH
simulations shown in Figure 7.7 suggest differences between the two simulations. The

Figure 7.7 The difference between vertical profiles of vertical motion (omega) valid on
11 and 9 September 2006 (i.e., 11 September minus 9 September values) for the a)
WSM6_WH and b) WSM6_NH simulations as a function of wave phase. The dashed
horizontal lines depict the value of ± one standard deviation at each pressure level.
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southerly phase of the WSM6_WH simulation shows an increase in upward (downward)
motion with time at upper (lower) levels. In contrast, the southerly phase of the
WSM6_NH simulation is associated with a relatively large increase in downward motion
through a large depth of the troposphere. The WSM6_WH trough displays an increase in
upward motion at low and upper levels, while the WSM6_NH trough shows little change
with time at any level. The northerly phase is associated with an increase in upward
(downward) motion at low levels for the WSM6_WH (WSM6_NH) simulation. Thus,
latent heating appears to be related to the increase in upward motion particularly within
the trough, while the lack of heating is generally associated with increasing downward
motion with time or little change.
Figure 7.8 shows the difference in four-day composite profiles of θe between the
WSM6_WH and WSM6_NH simulations. Convection (associated with latent heating)
may act to transport more moisture to mid and upper levels via transport in convective
updrafts. In a numerical simulation where latent heating and convection are suppressed,
the associated moistening would also be expected to be suppressed. Indeed, Figure 7.8
shows that the WSM6_WH simulation is associated with higher θe values between
200 hPa and 700 hPa in all wave phases relative to the WSM6_NH simulation with the
largest difference in the trough phase.
The DW Lagrangian composites of θe (Figure 5.9) showed an increase in moisture
with time through a large depth of the troposphere in all wave phases. However, the
difference in θe vertical profiles between the 11 September 2006 and 9 September 2006
for the WSM6_WH simulation (Figure 7.9a) suggests a decrease in moisture with time in
every wave phase above 925 hPa. The corresponding differences profiles using data
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Figure 7.8 Four-day composite equivalent potential temperature (θe) differences between
the WSM6_WH and WSM6_NH simulations (i.e., WSM6_WH minus WSM6_NH
values) as a function of wave phase and pressure. The dashed horizontal lines depict the
value of the standard deviation at each pressure level.

from the NCEP-NCAR reanalysis dataset (Figure 7.9b) also suggest that Helene's
precursor wave generally dries with time. The general agreement between the
WSM6_WH simulation and that of the reanalysis increases confidence that the decrease
in moisture with time seen in the WRF simulation is not an artifact of that model, but that
Helene's precursor wave did, in fact, move into a drier environment between
9–11 September 2006. Thus, it appears that this particular case differs from the DW
Lagrangian composite in terms of the evolution of moisture.
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Figure 7.9 The difference between vertical equivalent potential temperature (θe) profiles
valid on 11 and 9 September 2006 (i.e., 11 September minus 9 September values) from a)
the WSM6_WH simulation, b) NCEP-NCAR reanalysis data, and c) the WSM6_NH
simulation as a function of wave phase. The dashed horizontal lines depict the value of
± one standard deviation at each pressure level.
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A comparison between the vertical θe difference profiles (11 September minus
9 September 2006 values) from the WSM6_NH simulation (Figure 7.9c) with the
corresponding profiles of the WSM6_WH simulation (Figure 7.9a) shows that both
simulations were associated with a decrease in moisture with time throughout a large
depth of the troposphere. However, the decrease in moisture with time is often larger for
the WSM6_NH simulation. Hence, the inclusion or lack thereof convection and latent
heating does not affect whether moisture increases or decreases with time in the
simulations, but the lack of convection may allow for stronger drying with time.
The vorticity equation is given by,
d
η  η u  v    w u  w v   12
dt
 x y   y z x z  ρ

 ρ P ρ P 

 ,

 x y y x 

(7.6)

where t is time, η absolute vorticity, u zonal wind, x distance in the zonal direction, v
meridional wind, y distance in the meridional direction, w vertical motion, z height, ρ air
density, and P pressure. The three terms on the right hand side of equation (7.6) from left
to right are the divergence/stretching term, the tilting term, and the solenoidal term. The
divergence term shows that convergence (divergence), perhaps associated with
convection, may help lead to an increase (decrease) in cyclonic vorticity. The tilting term
describes how horizontal vorticity may be tilted into the vertical, possibly by the updrafts
of intense convection. Intense convection can also generate small-scale horizontal
density and pressure gradients. The solenoidal term shows that enhanced vorticity
generation could occur as a result of these gradients when they are not parallel to one
another. The terms of equation (7.6) were calculated using the full three-km resolution
model output, averaged over 2.5° longitude by 15.0° latitude boxes, and then summed for
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each six-hour period between 00 UTC 9 September 2006 and 00 UTC 12 September
2006. Values for the divergence and tilting terms in the trough phase at various levels for
the WSM6_WH and WSM6_NH simulations are provided in Table 7.3. The solenoidal
term is about three orders of magnitude smaller than the other two terms and, thus, is not
shown. Because the processes represented by the terms on the right hand side of equation
(7.6) may be associated with convection, these terms may be expected to be smaller in a
numerical simulation where convection and latent heating are suppressed (WSM6_NH)
relative to a simulation where heating and convection are permitted (WSM6_WH).
Indeed, all the values are larger for the WSM6_WH simulation, except for the divergence
term at 200 hPa.
The greater positive values of both the divergence and tilting terms at mid and
lower levels for the WSM6_WH simulation relative to the no heating simulation may be
expected to result in greater larger-scale values of relative vorticity for the WSM6_WH
simulation. The differences between composite four-day profiles of relative vorticity for
the WSM6_WH and WSM6_NH simulations (Figure 7.10), indeed, show that the
WSM6_WH simulation is associated with greater cyclonic relative vorticity below
300 hPa in the trough and to a lesser extent in the northerly phase. Figure 7.10 also

Table 7.3 Values of the divergence and tilting terms from the vorticity equation (7.6)
summed for each six-hour period between 00 UTC 9 September 2006 and
00 UTC 12 September 2006 valid at various levels for the trough phase from the
WSM6_WH and WSM6_NH simulations. The units are 10-10 s-2.

Level (hPa)
850
500
200

Divergence Term
Tilting Term
WSM6_WH WSM6_NH WSM6_WH WSM6_NH
221.7
16.1
189.9
80.0
139.2
4.9
161.2
0.3
6.7
12.7
-26.9
-3.5
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Figure 7.10 Four-day composite relative vorticity differences between the WSM6_WH
and WSM6_NH simulations (i.e., WSM6_WH minus WSM6_NH values) as a function
of wave phase and pressure. The dashed horizontal lines depict the value of ± one
standard deviation at each pressure level.

shows that the WSM6_WH simulation is associated with larger anticyclonic vorticity in
the trough and northerly phases relative to the corresponding values of the WSM6_NH
simulation near the 200-hPa level. The sum of the divergence and tilting terms at
200 hPa from Table 7.3 for the WSM6_WH simulation is negative (-20.2 X 10-10 s-2),
whereas this sum contributes to a positive vorticity tendency (9.2 X 10-10 s-2) for the
WSM6_NH simulation. This difference may help to explain why the WSM6_WH trough
has greater anticyclonic vorticity at 200 hPa relative to the WSM6_NH trough.
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Figure 7.11 shows the differences between vertical profiles of relative vorticity
valid on 9 and 11 September 2006 for the WSM6_WH and WSM6_NH simulations. The
negative 200-hPa tilting term for the trough of the WSM6_WH simulation (Table 7.3)
likely contributes to the decrease in upper-level relative vorticity with time seen in the
trough of that simulation (Figure 7.11a). The positive 200-hPa divergence term for the
WSM6_NH trough likely plays a role in the increase in upper-level vorticity with time
observed for that simulation (Figure 7.11b). In addition, the increase in cyclonic vorticity
over a deep layer below 200 hPa in the WSM6_WH trough coupled with the increase in

Figure 7.11 The difference between vertical relative vorticity profiles valid on
11 and 9 September 2006 (i.e., 11 September minus 9 September values) from the a)
WSM6_WH and b) WSM6_NH simulations as a function of wave phase. The dashed
horizontal lines depict the value of ± one standard deviation at each pressure level.
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anticyclonic vorticity above that level is consistent with what would be expected for an
easterly wave approaching tropical cyclogenesis. The increase in upper-level cyclonic
vorticity coupled with an increase in cyclonic vorticity over a relatively shallow depth at
low levels (only near 925 hPa) for the trough of the WSM6_NH simulation is not
particularly favorable for cyclogenesis. Consistent with this unfavorable vorticity
evolution, the WSM6_NH simulation did not appear to develop a tropical depression at
any time during the four-day simulation.
Composite four-day vertical profiles of the θe anomaly as a function of wave
phase are shown in Figure 7.12 for the WSM6_WH, THOMP, WDM6, and YONSEI
simulations. In general, the profiles for each simulation are quite similar to one another.
In particular, all simulations show a positive moisture anomaly in the 200–700-hPa layer
of the trough phase, a positive anomaly in the 150–400-hPa layer of the northerly phase,
and a negative anomaly in the southerly phase between 200 hPa and 850 hPa. In
addition, the northerly phase is associated with a negative θe anomaly below 500 hPa for
all simulations with relative minima at 600 hPa and 925 hPa. Some slight differences are
observed amongst the various simulations (e.g., behavior of the trough anomaly profile
below 850 hPa [note that even small changes in low-level θe may result in relatively large
changes in convective available potential energy in the tropics]). However, the generally
good agreement seen between the profiles of the various simulations in Figure 7.12
suggests that the thermodynamic structure of the simulated easterly wave is not very
sensitive to the chosen microphysics parameterization or PBL parameterization.
Similar to the θe profiles shown in Figure 7.12, the four-day composite vertical
profiles of relative vorticity shown in Figure 7.13 are quite similar amongst the various
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Figure 7.12 Four-day composite vertical profiles of the equivalent potential temperature
(θe) anomaly (relative to the mean at each pressure level and longitude) as a function of
wave phase for the a) WSM6_WH, b) THOMP, c) WDM6, and d) YONSEI simulations.
The dashed horizontal lines depict the value of ± one standard deviation at each pressure
level.
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Figure 7.13 Four-day composite vertical profiles of relative vorticity as a function of
wave phase for the a) WSM6_WH, b) THOMP, c) WDM6, and d) YONSEI simulations.
The dashed horizontal lines depict the value of ± one standard deviation relative to the
mean profile at each pressure level.
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simulations. All simulations show cyclonic vorticity below 300 hPa in the northerly and
trough phases and anticyclonic vorticity ~200 hPa in those same phases. In the southerly
phase, all simulations show cyclonic vorticity ~200 hPa and ~850 hPa with anticyclonic
vorticity ~400 hPa. Divergence profiles for the various simulations (not shown) also
show much similarity amongst the WSM6_WH, THOMP, WDM6, and YONSEI
simulations. Thus, similar to the thermodynamic structure, the easterly wave circulation
does not appear to be very sensitive to the chosen microphysics or PBL parameterizations
based on the four-day composites.
While the four-day composites suggest little sensitivity to various physics options,
the evolution of some variables do show some differences between the different
simulations. For example, Figure 7.14 shows the difference in latent heating profiles
between the 11 and 9 September 2006 for the WSM6_WH, THOMP, WDM6, and
YONSEI simulations. The YONSEI simulation shows little change with time above
400 hPa in the northerly phase, but the other simulations depict cooling in that phase
~300–400 hPa. Another difference in the evolution of latent heating is observed in the
trough phase. The WSM6_WH simulation is associated with weak cooling between
500 hPa and 700 hPa, while the other simulations are associated with a large increase in
heating with time throughout a large depth of the troposphere in the trough phase. An
examination of latent heating profiles valid for each day separately for each simulation
(not shown) reveals that relatively large heating occurred in the trough of each day of the
WSM6_WH simulation, while this large heating developed only later in the other
simulations.
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Figure 7.14 The difference between vertical latent heating profiles valid on
11 and 9 September 2006 (i.e., 11 September minus 9 September values) as a function of
wave phase for the a) WSM6_WH, b) THOMP, c) WDM6, and d) YONSEI simulations.
The dashed horizontal lines depict the value of the standard deviation at each pressure
level.

166

Given the computational expense of using a one-km nested grid in the NESTED
simulation, the nested grid was restricted to the spatial domain shown in Figure 2.6 and a
temporal domain covering only the 11 and 12 September 2006. Because of these
limitations, only the vertical profiles of the trough phase could be analyzed over the
nested grid. Figure 7.15 shows the omega, θe anomaly, relative vorticity, and latent
heating difference profiles (differences between the 12 and 11 September) for the trough
phase of the WSM6_WH simulation (three-km resolution) and the nested grid of the
NESTED simulation. The finer resolution grid may be expected to better resolve
minimum and maximum values. Thus, the greater magnitude of minimum/maximum
values seen for the NESTED simulation relative to the WSM6_WH simulation is not
surprising. Another difference between the two resolutions occurs ~600 hPa where a
maximum increase in downward motion observed for the one-km grid doesn’t exist for
the three-km grid (Figure 7.15a). Vorticity increases with time at the 1000-hPa level for
the WSM6_WH simulation but decreases for the NESTED simulation at that level
(Figure 7.15c). Finally, the NESTED simulation shows cooling with time in the
400−850-hPa layer, but the WSM6_WH simulation shows little change in latent heating
in that layer (Figure 7.15d).
Other than the differences discussed above, the patterns shown by the
WSM6_WH and NESTED profiles are generally similar. For example, both simulations
show an increase in downward (upward) motion with time below 700 hPa (near 200 hPa;
Figure 7.15a). Moisture increases with time for both simulations below 850 hPa and
~150 hPa while decreasing in between at mid levels (Figure 7.15b). Both the
WSM6_WH and NESTED simulations show a decrease in vorticity in the 200−925-hPa
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Figure 7.15 The difference between vertical profiles of a) vertical motion (omega), b)
equivalent potential temperature (θe) anomalies (relative to the mean at each pressure
level and longitude), c) relative vorticity, and d) latent heating valid on
12 and 11 September 2006 (i.e., 12 September minus 11 September values) for the trough
phase of the three-km resolution WSM6_WH simulation and the one-km nested grid of
the NESTED simulation. The dashed horizontal lines depict the value of ± half the
standard deviation of the WSM6_WH simulation at each pressure level.
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layer and an increase at 150 hPa (Figure 7.15c). Finally, both simulations show an
increase in heating with time near 250 and 925 hPa (Figure 7.15d). Hence, the
comparison between the three-km resolution WSM6_WH profiles and those of the
one-km NESTED simulation suggests that the magnitude of various values is sensitive to
the horizontal resolution used, but the general patterns observed are not particularly
sensitive to this resolution. This suggests that convective processes better resolved on the
one-km resolution grid are represented to some extent on the coarser resolution grid as
well.
In summary and as expected, the inclusion of latent heating in model simulations
appears to exert a large influence on the dynamics of larger-scale easterly waves,
especially within the trough and northerly phases of this particular case. Specifically, the
inclusion of heating resulted in increased upper-level divergence, upper-level anticyclonic
vorticity, low-level convergence, low-level cyclonic vorticity, and increased upward
vertical motion (all conditions favorable for tropical cyclogenesis [e.g., Gray 1968;
Agudelo et al. 2011]) relative to the simulation without latent heating. This suggests that
the influence of the smaller convective scale exerts a significant influence on the larger
scale (i.e., the upscale interaction is important). Note that the comparison between
simulated reflectivity and observed reflectivity (Table 7.2) shows that the simulated
values are larger than those observed, especially at higher levels above the freezing level,
possibly due to an overproduction of graupel by the model. If this is the case, then the
model may be producing latent heating values that are higher than those of the real
atmosphere. Thus, in the actual atmosphere, the smaller convective scale likely exerts a
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significant influence on larger-scale easterly waves, but the magnitude of the effect in the
real atmosphere may be somewhat less than observed in the model simulations.
Results of the simulations also suggest that the inclusion or lack thereof latent
heating exerts relatively little effect on the thermodynamics of larger-scale easterly waves
relative to the effects on the dynamics of the waves. Finally, the results of the
simulations appear to be relatively insensitive to different microphysics schemes,
PBL/surface layer schemes, and horizontal resolution. The only exception is the
evolution of latent heating (Figure 7.14) which does show some sensitivity to different
physics schemes.
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CHAPTER VIII

SUMMARY AND CONCLUSIONS

This study examined the relationship between convection, tropical easterly waves,
and tropical cyclogenesis over the Atlantic and East Pacific basins. Specifically, four
questions/hypotheses were addressed. The first question involved determining which
observations/characteristics of convection and larger-scale waves provided the greatest
delineation between developing waves (DWs) and non-developing waves (NDWs). The
second question involved an examination of the evolution of several convective
characteristics (e.g., coverage and intensity) and the structure/circulation of larger-scale
easterly waves in the days leading up to and including tropical cyclogenesis to determine
any differences between DWs and NDWs. The third question examined whether the
characteristics/observations that provide the best distinction between DWs and NDWs
and/or the evolution of these variables changes for waves that spawn tropical cyclones in
different regions. The final question investigated the nature of the interaction between
the smaller convective scale and synoptic-scale easterly waves, specifically the effect of
smaller-scale latent heating/convection on the larger-scale thermodynamics/dynamics of
easterly waves using numerical modeling simulations.
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Results from the Eulerian composites suggest that the convective variables that
provide the best distinction between DWs and NDWs vary between the Atlantic and East
Pacific. In particular, the coverage by IR brightness temperatures ≤ 240 K and ≤ 210 K
appear to provide the largest distinction between East Atlantic developing waves
(EADWs; waves which developed a tropical cyclone over the East Atlantic) and NDWs
in all wave phases over Africa and in the trough and northerly phases over the East
Atlantic. The coverage by IR thresholds also provides the best distinction between West
Atlantic – Caribbean developing waves (WACDWs; waves which spawned a cyclone
over either the West Atlantic or Caribbean) and NDWs. In particular, the coverage by
cold cloudiness was found to be significantly greater for WACDWs in all phases over all
longitude bands but the East Atlantic (values are only significantly greater for WACDWs
in the trough over the East Atlantic). Thus, results for WACDWs indicate that a
persistent large coverage by cold cloudiness in the trough phase may be important for
helping to identify these waves. The indicators of convective intensity (i.e., lightning
flash rates, polarization corrected temperatures, and convective reflectivity) generally
suggest no significant differences between Atlantic DWs and NDWs. This may be a
result of similar large-scale environmental conditions (e.g., SSTs, trade wind inversion
height) experienced by DWs and NDWs over the Atlantic. The fact that indices of the
coverage by convection/cold cloudiness provide a better discrimination between DWs
and NDWs over the Atlantic suggests that the coverage by convection is more important
than the intensity of convection for tropical cyclogenesis over the Atlantic.
In contrast to waves which developed a tropical cyclone over the Atlantic basin,
waves which spawned a tropical cyclone over the East Pacific (East Pacific developing
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waves [EPDWs]) are associated with statistically significantly greater IR threshold
coverage, convective coverage, lightning flash rates, and low-level PR convective
reflectivity in various wave phases (no clear preference for enhanced convection in any
one wave phase over another) when compared to NDWs over the East Pacific. In
contrast to what was found for EADWs and WACDWs, restricting the comparison
between EPDWs and NDWs to only the most active months for East Pacific cyclogenesis
led to quite different results from the corresponding comparison valid for
June−November, especially over Africa. This suggests that care must be taken in
selecting a temporal domain for a comparison between EPDWs and NDWs and/or
selecting a sample of NDWs.
Waves that develop tropical cyclones over the Atlantic showed more widespread
cold cloudiness compared to NDWs not only over the regions in which they developed
storms, but also over longitude bands farther east. Similarly, Atlantic DWs also exhibit
larger-scale characteristics that are more favorable for cyclogenesis than those associated
with NDWs near where DWs develop cyclones as well as farther east. Specifically,
EADWs are generally associated with significantly greater low-level (~925 hPa)
convergence, upper-level (~200 hPa) divergence, upward vertical motion over a deep
layer between the low-level convergence and upper-level divergence, and moisture
throughout the depth of the troposphere over not only the East Atlantic, but also over
Africa. In addition, significantly greater low-level (upper-level) cyclonic (anticyclonic)
vorticity occurs for EADWs relative to NDWs only near where EADWs develop tropical
cyclones over the East Atlantic. Not surprisingly, WACDWs tend to be associated with
significantly greater upper-level divergence, low-level vorticity, and greater moisture
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throughout a large depth of the troposphere compared to NDWs over the West Atlantic
and Caribbean where the waves develop tropical cyclones. Similar to EADWs,
WACDWs also show larger-scale conditions favorable for cyclogenesis over longitude
bands farther east. For example, relative to NDWs, WACDWs are associated with
significantly greater deep-layer moisture and low-level vorticity over both Africa and the
East Atlantic, while low-level convergence is significantly greater for WACDWs over
only the East Atlantic. Thus, certain characteristics of large-scale easterly waves may be
used to help distinguish those waves that develop cyclones over the Atlantic basin from
those that don't well ahead (east) of when these DWs spawn cyclones.
In contrast, significant differences between EPDWs and NDWs in terms of largescale characteristics generally don't develop until the waves move over the East Pacific.
Thus, low-level convergence, upper-level divergence, and low-level moisture may help
distinguish EPDWs from NDWs only after EPDWs are near their genesis location.
Results from the Lagrangian composites suggest that the coverage by convection
and cold cloudiness increases as genesis is approached for DWs valid over the full
130°W–20°E analysis domain, in particular within the trough and southerly phases. In
contrast, the intensity of convection appears to decrease with time in all DW phases. The
evolution of NDWs also generally shows an increase in coverage by cold cloudiness as
D0 is approached, but convective intensity appears to remain approximately constant
with time, perhaps increasing slightly. The biggest difference here between DWs and
NDWs is that the coverage by cold cloudiness is generally significantly greater for DWs,
consistent with the results of the Eulerian composites.
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Consistent with the increase in cold cloudiness coverage, the DW trough and
southerly phases exhibit an increase in upper-level divergence, upward vertical motion
below this increase in divergence, and increased anticyclonic vorticity as D0 is
approached. NDWs generally show similar patterns, but the increases in these
parameters are smaller than DWs. DWs also show a small increase in mid- to low-level
(below 500 hPa) cyclonic vorticity in the trough phase (phase presumably most important
for cyclogenesis), while NDWs show little evolution in low-level vorticity except for a
large increase in 850-hPa vorticity in the trough on D0 due to how D0 is defined for these
waves. While the circulation associated with DWs and NDWs from the Lagrangian
composites shows relatively small differences, the thermodynamic structure of the largescale waves show more significant differences. In particular, θe generally increases
throughout a large depth of the troposphere for all DW phases as genesis is approached,
and the θe values on nearly all days and levels in all phases are significantly greater for
DWs compared to NDWs. Therefore, from the wave-following Lagrangian perspective,
it appears that a greater coverage by convection as indicated by cold cloudiness area,
greater upper-level divergence/upward motion, and greater moisture throughout a large
depth of the troposphere are most important for tropical cyclogenesis and distinguishing
DWs from NDWs.
In general, the evolution of waves valid over smaller longitude bands is similar to
that over the full analysis domain. However, some differences were observed over
certain longitude bands. In particular, waves which developed a tropical cyclone over the
Caribbean region (i.e., Caribbean DWs) showed some indication of an increase in
convective intensity with time, at least in some wave phases. In addition, Lagrangian
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composites of large-scale variables for Caribbean DWs showed that low-level
convergence increased with time for these waves, whereas DWs valid over the full
analysis domain showed virtually no increase in low-level convergence in any wave
phase.
In general, the results of both the Eulerian and Lagrangian approaches agree with
one another. For example, both approaches show that the greatest difference between
DWs and NDWs is observed for the fractional coverage by IR brightness temperatures
≤ 240 K and ≤ 210 K, while the indicators of convective intensity provide relatively few
statistically significant differences between DWs and NDWs. However, Lagrangian
composites indicate that on or near D0, lightning flash rates (PCTs) are significantly less
(greater) for DWs, suggesting less intense convection during tropical cyclogenesis. Thus,
the results of both the Lagrangian and Eulerian frameworks suggest that the coverage by
cold cloudiness/convection is generally more important than convective intensity for
tropical cyclogenesis, although convective intensity may also be somewhat important for
tropical cyclogenesis over the Caribbean or East Pacific.
Three easterly wave cases were examined, including an EPDW, NDW, and
WACDW. A comparison of unfiltered 700-hPa winds with the locations of wave phases
identified using averaged/filtered 700-hPa meridional wind and relative vorticity for each
case showed reasonably good agreement between filtered data and unfiltered winds.
Occasionally, though, a wave was difficult to identify in the unfiltered data but was
identified with the filtered information. Oftentimes, this situation did not persist for very
long, and the wave eventually could be identified again using both filtered and unfiltered
winds. Another issue that sometimes occurred was that a wave could be identified using
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both filtered and unfiltered information, but the wave in the unfiltered wind field was
shifted eastward or westward relative to that identified using filtered data. The
averaging procedure and bandpass filter applied in the wave phase classification
procedure described in Chapter II was intended to better isolate variability associated
with easterly waves, but this procedure may act to dampen and/or change the location of
waves observed in unprocessed fields (i.e., waves that occur in the real atmosphere).
However, the generally good agreement between wave phase locations identified in
filtered and unfiltered fields suggest that the averaging/filtering procedure generally
doesn’t significantly change the characteristics and/or locations of easterly waves in the
real atmosphere.
The relative behavior of the three cases in terms of the coverage by IR brightness
temperatures ≤ 240 K was also compared to that of the Eulerian and Lagrangian
composites to determine whether patterns observed for the composites occurs for
individual waves. Indeed, many similarities were observed between the cases and
composites. For example, over Africa and the Caribbean, the WACDW case was
generally associated with greater coverage by cold cloud tops relative to the NDW case.
Similar to the Lagrangian composite of all DWs, coverage by cold cloud tops increased
with time in the southerly phase of the EPDW case leading up to D0. Of course, no case
would be expected to be completely identical to a composite wave. Hence, it is not
surprising that several differences were also observed between the cases and composites.
For example, the trough phase of the WACDW case was associated with a general
decrease in coverage by IR brightness temperatures ≤ 240 K from D-5 to D-1, whereas
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the Lagrangian DW trough composite generally showed an increasing trend over this
time period.
Numerical modeling simulations were conducted of the easterly wave that
spawned Hurricane Helene in 2006 to determine what effect, if any, that smaller-scale
convection and latent heating exert on the structure and circulation of the larger-scale
easterly wave. A comparison between two identical simulations, except one allowed
latent heating to be produced by the microphysics parameterization (WSM6_WH
simulation), while latent heating was turned off in the other simulation (WSM6_NH),
indicated that smaller-scale latent heating and convection exert a large influence on the
dynamics of larger-scale easterly waves, especially within the trough and northerly
phases of this particular case. Specifically, relative to the WSM6_NH simulation, the
WSM6_WH simulation was associated with greater upper-level divergence, upper-level
anticyclonic vorticity, low-level convergence, low-level cyclonic vorticity, and increased
upward vertical motion. These results suggest that the smaller convective scale exerts a
significant influence on the larger scale (i.e., the upscale interaction is important). In
addition, increased upper-level divergence, low-level vorticity, etc., are favorable
conditions for tropical cyclogenesis. Thus, the model simulation results suggest that
smaller-scale convection and associated latent heating within an easterly wave may,
indeed, feed back to the wave helping to create larger-scale conditions in the wave that
could make cyclogenesis more likely, as was hypothesized by Leppert and Petersen
(2010).
While convection and latent heating appeared to exert a large influence on the
circulation (i.e., dynamics) of the simulated easterly wave, relatively little influence on
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the thermodynamics of the larger-scale easterly wave was observed in this particular
case. Additional sensitivity simulations were also conducted utilizing various
microphysics schemes, planetary boundary layer schemes, and different horizontal spatial
resolutions. These simulations all suggest that the results are relatively insensitive to
these different physics options and horizontal resolution.
The simulations conducted for this study focused on the upscale interaction.
However, it is likely that the downscale interaction (i.e., influence of the larger-scale on
the smaller scale) is also important. For example, larger-scale conditions of enhanced
upper-level divergence and/or low-level convergence are favorable for enhancing
smaller-scale convection and associated latent heating. It is likely that in the real
atmosphere, a two-way, mutual interaction exists between the difference scales (e.g.,
Berry and Thorncroft 2012). Future work may involve conducting additional simulations
to focus on the downscale interaction and/or the mutual interaction of different scales, as
opposed to only the upscale interaction examined here.
The results of the Eulerian composites of convective variables suggest that several
of these variables may help provide a significant distinction between DWs and NDWs
over various regions. Future work could involve developing thresholds based on the
most relevant convective parameters to help provide an indication of enhanced
probability (or lack thereof) of tropical cyclogenesis. For example, Table 8.1 lists an
initial threshold that could be tested for each of the most relevant parameters for EADWs,
WACDWs, and EPDWs over various regions. These thresholds are based approximately
on the 99% significance level for the sample sizes used for this study. Other future work
could involve incorporating these convective indicators that provide the greatest
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Table 8.1 A summary of the convective parameters that provide the greatest distinction
between non-developing waves and East Atlantic developing waves (EADWs), West
Atlantic – Caribbean developing waves (WACDWs), and East Pacific developing waves
(EPDWs) over various longitude bands in various wave phases. Suggested thresholds to
initially be tested to determine the utility of these parameters for tropical cyclogenesis
forecasting are also provided. Note that the 240 K and 210 K IR coverage thresholds are
nondimensional, while the flash rate threshold has units of flashes day-1 (0.5°)-2.
Wave Type

Location

Phase

EADW

East Atlantic

northerly/trough

EADW

East Atlantic

northerly/trough

WACDW

West Atlantic

southerly

WACDW

West Atlantic

southerly

WACDW

Caribbean

trough

WACDW

Caribbean

trough

EPDW

Caribbean

southerly

EPDW

East Pacific

trough/southerly

EPDW

East Pacific

northerly

Parameter
240 K IR
Coverage
210 K IR
Coverage
240 K IR
Coverage
210 K IR
Coverage
240 K IR
Coverage
210 K IR
Coverage
240 K IR
Coverage
240 K IR
Coverage

Threshold

Flash Rate

60.0

0.090
0.009
0.085
0.009
0.155
0.029
0.150
0.140

distinction between DWs and NDWs in the development of a statistical cyclogenesis/
hurricane prediction model. The development of thresholds and/or the inclusion of
certain convective parameters in a statistical model may help to improve forecasts of
tropical cyclogenesis from tropical easterly waves.
The Eulerian composites of large-scale variables also suggest that several
different variables at many different levels provide a statistically significant distinction
between DWs and NDWs over various longitude bands. But, given the methodology
used in this study, it is difficult to determine exactly which large-scale variables at which
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levels are most important for distinguishing the two wave categories. Perhaps future
work could involve using a linear discriminant analysis to identify which large-scale
variables are most important and at what levels, similar to what was done in Kerns and
Zipser (2009) for developing and non-developing vorticity maxima. Then the identified
large-scale parameters could be employed in a statistical prediction model and/or used to
develop thresholds, similar to what was described for the convective variables, in order to
try to improve cyclogenesis forecasts.
Numerical simulations were used here for only one case, but the results for one
case cannot be generalized to all cases. Hence, simulations of additional easterly waves
should be conducted. In particular, simulations of one or more NDW cases should be
conducted to determine whether the patterns observed for the simulation of Helene’s
precursor wave are also observed for waves that do not spawn tropical cyclones. It may
be expected that results from simulations of a NDW associated with a relatively large
coverage by cold cloudiness and convection (and associated latent heating) would show
similar results to that observed for the wave that spawned Helene prior to tropical
cyclogenesis.
Because the trough phase is associated with a maximum in low-level cyclonic
vorticity, it is presumed to be the wave phase most important for tropical cyclogenesis. If
a greater coverage and/or intensity of convection acts to create conditions in the largerscale wave more conducive to tropical cyclogenesis, as is indicated from the modeling
results, then relatively enhanced convection in the trough phase may be especially
beneficial for tropical cyclogenesis. Indeed, results of the composite analyses suggest
that the DW trough is often associated with more widespread and/or intense convection
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relative to the NDW trough. In addition, the diurnal cycle of convection over land
generally has a maximum in the late afternoon or evening (e.g., Duvel 1989; Yang and
Slingo 2001). An unanswered question involves whether the superposition of an easterly
wave trough with the maximum in the diurnal cycle of convection over land near the
coast has any implications for tropical cyclogenesis once the wave moves over the ocean.
Ventrice et al. (2012) examined the relation between an African easterly wave, the
diurnal cycle of convection, and an atmospheric Kelvin wave prior to the formation of
Tropical Storm Debby in 2006 and found that the superposition of the easterly wave and
convective diurnal cycle enhanced the easterly wave and may have aided cyclogenesis for
this particular case. Future work could explore the possible relation between the diurnal
convective cycle over land and easterly waves for more cases by examining composites
of easterly waves as a function of time of day when the waves move over the West
African coast or west coast of Central America.
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